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(57) Abstract 



The invention provides an isolated 
and purified DNA molecule comprising at 
least one DNA segment, a bidogically ac- 
tive subunit or variant thereof, of a circu- 
lar intermediate of adeno-associated virxis, 
which DNA segment confos increased epi- 
somal stability, persistence or abundance of 
the isolated DNA mdecule in a host cell. 
The inventicxi also provides a composition 
comprising at least two adeno-associated 
virus vectors. 
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ADENO-ASSOCIATED VIRUS VECTORS AND USES THEREOF 
Cr05W>Rftferencg to Related Applications 

This appUcation is a continuation-in-pa]% 
under 35 US.C § 1 19(c), firm U.S. application Serial No. 60/086,166, filed May 
5 20» 1998, currently pending, the disclosure of which is mcorporated by reference 
herein. , 

BackgroBBii of the Invention 

Adeno-assodated virus (AAV) is a non-pathogenic parvovirus with a 
single-stranded DNA genome of 4680 nucleotides. The genome may be of either 

1 0 plus or minus polarity, and codes for two groups of genes. Rep and Cap (Bems 
et al., 1 990). Inverted terminal repeats (TTRs), charactmzed by palindromic 
sequences producing a high degree of secondary stnicture, are present at both 
ends of the viral genome. While other members of the parvovirus group 
replicate autonomously, AAV requires co-infection vrtth a helper vims (i.e., 

15 adenovirus or herpes virus) for lytic phase productive rephcation. In the absence 
of a helper virus, wild-type AAV (wtAAV) establishes a latent, non-pioductive 
infection with long-term persistence by integrating into a specific locus on 
chromosome 19, AAVSl, of the host genome through a Rq>-facilitated 
mechanism (Samulski, 1993; Linden et al., 1996; Kotin et al;, 1992). 

20 In contrast to wtAAV, the mechanism(s) of latmt phase persistence of 

recombinant AAV (rAAV) is less clear. rAAV int^ration into the host genome 
is not site-specific due to deletion ofthe AAV Rq) gene (Ponnazhaganetal.^ 
1997). Analysis of mtegrated proviral structures of both wild t^ 
recombinant AAV have dCTionstrated head-to-tail genomes as the predominant 

25 structural forms. 

rAAV has recently bem recognized as an exiremety 
gene delivery (Muzyczka, 1992). rAAV vectors have been developed by 
substituting all viral open reading.fiamies with a tfaerq)eutic minigene, while ' 
r^aining the cis elements contained in two inverted terminal repeats (TTRs) 

30 (Samulski et al., 1987; Samulski et aL, 1989). Following transduction, rAAV 
genomes can persist as episomes (Flotte ^ al.; 1994; Afione et al., 1996; Duan et 

1 
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al., 1998), or alternatively can integrate randomly into the cellular genome 
(Beras et al., 1996; McLaughlin et al., 1988; Duan et al., 1997; Fisher-Adams et 
al., 1996; Keams et al., 1996; Ponnazhagan et al., 1997). However, little is 
known about the mechanisms enabling rAAV vectors to persist in vivo or the 
5 identity of cellular &ctors which may modulate the efQdency of transduction 
and persistmce. Although transduction of rAAV has been demc^trated in vitro 
in cell culture (Muzycdca, 1992) and in vivo in various organs (Kaplitt et al., 
1994; Walsh et al„ 1994; Conrad et al.. 1996; Heizog et aL, 1997; Snyder et al., 
1997), the mechanisms of rAAV-^mediated transduction remain unclear. 

10 Moreover, while rAAV has been shown to be capable of stable, long- 

term transgene expression both in vitro and in vivo in a variety of tissues, tiie 
transduction eflBciency of rAAV is maricedly variable in different cell types. For 
exan^>le, rAAV has been reported to transduce lung epithelial cells at low levels 
(Halbert et al., 1997; Duan et al., 1998a), while high level, persistent transgene 

1 5 expression has been demonstrated in muscle, neurons and in other non-dividing 
cells (Kessler et aL, 1996; Fisher et al., 1997; Herzog et al^ 1997; Xiao et aL, 
1996; KapUtt et aL, 1994; Wu et al., 1998; Ali et al., 1996; Bennett et al., 1997 
Westfall et al., 1997). These tissue-specific differences m rAAV mediated gene 
transfer may, in part, be due to variable levels of cellular factors affecting AAV 

20 infectivity (ile., receptors and co-receptors such as heparin sulfate proteoglycan, 
FGFR-1, and aVp5 integrin) (Summerford et al., 1998; Qing et al., 1999; 
Summerford et al., 1999) as well as the latent life cycle (i.e., nuclear trafBcking 
of virus and/or the. conversion of single stranded genomes to expressible forms) 
(Qing et al., 1997; Qing et al., 1998). 

25 Muscle-mediated gene transfa: represents a very pfomising approadi for 

the treatment of hereditary myc^>athies and several other metabolic disord^. 
Previous studies have demonstrated remarkabfy efiBdent and persistent traztsgene 
expression to skeletal muscle in vivo with rAAV vectors. Applications in this 
model system include the treatment of several inherited disorders such as Factor 

30 DC deficiency in hemophilia B and epo deficiendes (Kessler et al.» 1996; Hexzog 
et al., 1997). Although flie conv^on of low-molecular-wdght rAAV genomes 
to hig^molecular*wd^t concatamers has been iofored as evidence for 
integration of proviral DNA in the host genome, no direct evidence exists in fliis 

2 
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regard (Xiao etal., 1996; Clark etal./1997; Fisher etal. 19^^^ Also^the 
molecular processes and/or structures associated with episomal long-tenn 
persistence of rAAV genomes, e.g., in nondividing mature myofibers, remains 
unclear. 

5 ThuSi there is a need for rAAV vectors that have increased stability 

and/or persistence in host cells. Moreover, there is a need fc»L^ectors useiiil to 
express large opra reading fiames. 

Summary, of the Invention 
. The present invention provides a recombinant adeno-assodated virus 

10 (rAAV) vector comprising a nucleic add segmratfonned by the juxta^ 
sequences in the AAV inverted tmnmal rq>eats (rn^) which 
circular intermediate of AAV. Tte circular intermediate was isolated fiom 
rAAV-infected cells by employing a recombinant AAV "shuttle** vector. The 
shuttle vector comprises: a) a bacterial origin of replication; b) a marker gene or 

15 a selectable gme; c) a 5' ITR; and d) a 3' ITR. Preferably, the recombinant 

AAV shuttle vector contains a reporter gene, e.g., a (3FP, alkaline phosphatase or 
(J-galactosidase gene, a selectable maricer gene, e.g., an ampicillin-resistance 
gene, a bacterial origin of replication, a 5' ITR and a 3 ' ITR. The vector is 
contacted with eukaryotic cells so as to yield transformed eukaryotic cells. Low 

20 molecular weight DNA ("Hirt DNA'O fcom the transformed eukaryotic cells is 
isolated. Bacterial cells are contacted with the Hirt DNA so to yield 
transformed bacterial cells. Then bacterial cells are identified which express the 
marker or selectable gene present in the shuttle vector and which comprise at 
least a portion of a circular intermediate of adeno-assodated virus. Also, as 

25 described below, it was found that circularized intermediates of rAAV impart 
episomal persistence to linked sequences in Hela cells, fibroblasts and muscle 
cells. In HeLa cells, the incorporation of certain AAV sequences, eig., ITRs, 
fit>m circular intermediates into a betm>logous plasmid conferred a 10-fold 
increase in the stability of plasnud'^based vectors in HeLa ceUs. Unique featin^ 

30 of these transduction intermediates includefl the in vfuo rimilari^tf^n of a 

head-to-tail monom^ as well as multimer (concatamers) episomal viral genomes 
with associated specific base pair alterations in the 5' viral D-sequence. The 
majority of circular intermediates bad a consistent head*to-tail configuration 



consisting of monomer genomes (<3 kb) which slowly convoted to large 
mutehners of >12 kb by 80 days post-infection in muscle. Importantly, 
long-term transgene expression was associated with prolonged (80 day) episomal 
persistence of these circular intermediates. Thus, in vivo persistence of rAAV 

5 can occur through qjisomal circularized genomes which may represent 
prointegradon intermediates with increased episomal stability. MoreovCT, as 
described below, co-infection with admovirus, at high multiplicities of infection 
(MOI) capable of producing early adenoviral gene products, led to increases in 
flie abundance and stability of AAV circular intennediates which correlated with 

10 an elevation in transgroe expression ftom rAAV vectors. Thus, these results 
demonstrate the ^dstence of a iholecular structure involved in AAV transduction 
which EDiay play a role in episomal persistence and/or integration. / 

Further, these results may aid in the development of non-viral or viral- 
based gene delivery systems having increased efficiency. For example, 

15 therq)eutic or prophylactic fterapies in which the present vectors are 1^ 

include blood disorders (e.g., sickle cell anemia, thalassemias, hemophilias, and 
Fanconi anemias), neurological disorders, such as Alzheimer*s disease and 
Parkinson's disease, and muscle disorders involving skeletal, cardiac or smooth 
muscle. In particular, therapeutic genes useful in the vectors of the inventioxi 

20 include the P-globin gene, the y-globin gene, the cystic fibrosis transmembrane 
conductance receptor gene (CFTR), the Fanconi anemia complementation group, 
a gene encoding a ribozyme, an antisense gene^ a low density lipoprotein (LDL) 
gene, a tyrosine hydroxylase gene (Paridnson*s disease), a glucocerebrosidase 
gene (Gaucher's disease), an arylsulfatase A gene (metachromatic 

25 leukodystrophies) or genes encoding othCT polypeptides or proteins. Also within 
the scope of the invention is the mclusion of more than one gene in a vector of - 
the invention, i.e., a plurality of graes may be present in an individual vector. 
Further, as a circular intermediate may be a concatamer, each monomer of that 
coxK^tamCTHiay coiiqirise a different gene. ■ 

30 For viral-based deliveor systems, he^-fieevi^ 

wd 95/13365) fiom circular mtmnediates or vectors of the invention. 
Alternatively, liposomes, plasmid or virosomes may be OTployed to deliver a 
vector of the invmtion to a host or host cell. 

4 
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The increased persistence of circular intermediates or vectors having one 
or a plurality of FERs may be due to the piimaiy and/or secondary structure of 
the ITRs. The primary stnicture of a consensus sequCTce (SE^ 
ITRs formed by the juxtaposition and physical (phosphodiester bond) linkage of 
5 ITRs from AAV is shown in Figure 2C/ However, as described hwembelow. 
each ITR sequence may be incomplete^ i.e., the ITR may be a^bunit or portion 
of the fiill length ITRs present in the consensus sequence. Moreover, preferably, 
an isolated DNA segment of the invention is not the 165 hp doiible DD sequmce 
(SEQ ID N0:7) disclosed in US. Patent No. 5,478,745, referred to as a "double 
10 sequence". 

Moreover, the formation, persistence and/or abundance of molecules 
having the ITR sequences of the mvention may be modulated by helper virus, 
e.g., adenoviral proteins and/or host cell proteins. Thus, the circular 
inteimediates or vectors oif the invention may be usefiil to identify and/or isolate 

1 5 proteins that bind to the ITR sequence present in those molecules. 

Therefore, the present invention provides an isolated and purified DNA 
molecule comprising at least one DNA segment, a biologically active subunit or 
variant thereof; of a circular intermediate of adeno-associated virus, which DNA 
segment confers increased q)isomal stability, persistence or abundance of the 

20 isolated DNA molecule in a host celL Preferably, the DNA molecule comprises 
at least a portion of a left (5 ') mverted terminal repeat (ITR) of adeno-associated 
virus. Also preferably, the DNA molecule comprises at least a portion of a ri^t 
(3')-inveited terminal repeat of adeno-associated virus. The invention also 
provides a gene transfer vector, comprising: at least one first DNA s^ent, a 

25 biologically active subunit or variant thereof; of a cucular intamediate of admo- 
associated vims, which DNA segment confers increased episonial stability or 
persistence of the vector in a host cell; and a second DNA segment comi>rising a 
gene. Preferably, the second DNA segment encodes a therapeutically efifecdve 
polypqjtide. The first DNA segment conoprises ITR sequences, preferably at 

30 least about 100, morp preferably at least about 300, and even more prefera^ 

least about 400, bp of adeno-associated virus seiquence. A prefeired vector of the 
invention is a plasmid. 
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Thus, the vector of the invOTtion is useM in a method of delivem 
and/or expr^sing a gene in a host ciell, to prqwre host cells having the vectOT(s), 
and in the prepaiadon of conq>ositions comprismg such vectors. To deliver the 
gene to the host cell, a recombinant adenovirus helper virus may be employed. 

5 As described hereinbelow, the tibialis muscle of mice was co-infected 

with rAAV Alkaline pho^hatase (Alkphos) and GFP encdding-wectors. The 
GFP diuttle vector also encoded ampidllin resistance and a bacterial origin of 
replication to allow for bacterial rescue of circular intennediateis in Hirt DNA 
fiom infected muscle samples. TherewasatimedependeatmCTeaseinthe 

1 0 abundance of rescued plasmids encoding both GFP and Alkphos that reached 
33% of the total circular intermediates by 120 days post-infection, Furthennore, 
these large circular concatamers were capable of expressing both GFP and 
Alkphos encoded transgenes following transient transfection in cell lines; Thus, 
concatamOTzation of AAV graomes in vivo occurs through intemiolecular 

15 recombination of independent monomer circular vural genomes. Therefore, a 
plurality of DNA segments, each in an individual rAAV vector, may bte 
delivered so as to result in a single DNA molecule having a plurality of the DNA 
segments- For example, one rAAV vector comprises a first DNA segment 
comprising a 5* ITR linked to a second DNA segment comprising a promoter 

20 operably linked to a tliird DNA segment comprising a first open reading fiame 
linked to a fourth DNA segment comprising a 3* ITR. A second rAAV vector 
comprises a first DNA segment comprising a 5' ITR linked to a second DNA 
segment comprising a promoter operably linked to a third DNA segment 
comprising a second open reading fiame linked to a fourth DNA segment 

25 comprising a 3' IIR. 

In another embodiment, one rAAV vector comprises a first DNA 

segment comprismg a 5* ITR linked to a second DNA segment comprismg a 

promoter opeiabfy linked to a thinl DNA segment con^^ 

open reading frame linked to fourth DNA segment comprising a 5 ' ^lice site 

30 linkedioa fifthDNAsegjnentconqiOTsmgaymL The second rAAV vector 

comprises a first DNA segmmt cOTipiismg a 5' ITR linked to a second DNA 

segment comprising a 3 ' splice site Imked to a third DNA segment comprising 

the 3' end of the open reading fiame linked to a fourth DNA segment comprising 

6 
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a 3* ITR. Preferably, the second and third DNA segments tog^er comprise 
DNA encoding, for example, CTFR, factor Vm, dystrophin, or erythropoietin. 
Also preferably, the seccmd DNA segmrat coxnprises the endogenous promoter 
of the respective gend; e.g;, the epo promoter. 
5 Thus, the invention provides a compositibn comprising: a first ad»o- . 

associated virus vector comprising linked DNA segmeiits andit least a second 
adeno-associated virus comprising linked DNA segments. The linked DNA 
segments of Hxe first vector comprise: a first DNA segment comprising a S' 
ITR; a second DNA segment comprising at least a portion of an open reading 

10 fhmeoperably linked to a promote, wherein the DNA segm 

comprise the entire open reading fi^e; a third DNA segment comprising a 
splice donor site; and iv) a fourth DNA segment comprising a 3* ITR. The 
linked DNA segments of the second vector comprise a first DNA segment 
comprising a 5' ITR; a second DNA segment comprising a splice acceptor site; a 

15 third DNA segment comprising at least aportion of an open reading flame which 
together with the second DNA segment of the first vector encodes a fiilUength 
polypeptide; and a fourth DNA segment conqprising a 3' ITR. Preferably, the 
second DNA segmeat of the first vector comprises a first exon of a gene 
comprising more than one exon and the third DNA segment of the second vector 

20 comprises at least one exon of a gene that is not the first exon. \ 

The invention also provides a method to transfer and jexpress a 
polypq>tide in a host cell. The method con^rises contacting the host cell with at 
least two rAAV vectors. One rAAV vector comprises a first DNA segment 
comprising a 5 TTR linked to a second DNA segmmt comprismg a promoter 

2S operably Unked to a third DNA segment comprising a first open readmg firame 
linked to a fi>mth DNA segment comprising a 3' niL A second rAAV vector 
comprises a first DNA segment comprising ^ S* ITR linked to a second DNA 
segment comprising a promoter operably linked to a third DNA segmrat 
comprising a second open reading fiame linked to a;fi>urtfa DNA segment 

30 comprisinga 3 TTR. Altenaativefy, one rAAV yector comprises a first DNA 
segment comprising a STTR linked to a secozki DNA sejgment com^sing a 
promoter operably linked to a third DNA segment comprising the 5' dad of an 
open reading flame linked to fourth DNA segment comprising a 5 ' splice site 
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linked to a fifth DNA segment comiMsmg a 3' UR. The second rAAV vector 
comprises a first DNA segment con^)rismg a 5' ITR hnked to a second DNA 
segment comprising a 3' splice site linked to a third DNA segment comprising 
the 3 ' end of the open readmg firame linked to a fourth DNA segment cbmprismg 
5 a 3 TTR. The host cell is preferably contacted with both of the vectors, 

concuzrently^ although it is mvisioned that the host cell may be contacted with 
each vector at a difiTermt time relative to the contact witti the other vector(s). 

Also jxovided is a method in which the composition of the invoition is 
administered to tfie cells or tissues of an animal. For exanqple^ xAAV vectors 

10 have shown promise in transfening the CFTR gene into airway epitiieUal cells of 
animal models and nasal sinus of CF patients. However, high level expression 
of CFTR has not been achieved due to the fact that AAV cannot accommodate 
the fiill-length CFTR genie togeth^ with a potent promoter. A number of studies 
have tried to optimize rAAV-^mediated CFTR expression by utilizing truncated 

15 or partially deleted CFTR genes togedier with stronger promoters. However, it 
is currently unknown what efifect deletions widiin Ae CFTR gene may have on 
compl^entation of bacterial colonization defects in the CF airway. Therefore, 
the present invention includes the administration to an animal of a conqM>sition 
of the invmtion comprising at least two rAAV vectors which together encode 

20 CTFR The present mvention is useful to overcome the current size limitation 
for transgenes within rAAV vectors, and allows for the incoiporation of a larger 
transciptionai regulatory region, e.g., a strongs heterologous promoter or the 
endogenous CFTR promoter. 

Brief Description of the Figures 

25 Figure 1. Structure of jnovnal shuttle vector and the predicted structure 

of rAAV circular intermediate monomers. With the aid of a rAAV cis-acting 
plasmid, pCisAVGFPSbri (Panel A), AV.GFPSori recomibixiant virus was 
produced (Panel B). This v&Aor eik^oded a GFP transgene cassette, an 
anq)icillm resistance gdie (anq>X aiul a bacterid rq)fication o 

30 predominant fonn of circular intronediates isolated following transduction of 
Hela cells with AV.GFP3ori consisted of faead*to-tail monomers (Paneis C and 
D). 
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Figure 2. Structural analysis of rAAV circular intermediates in Hela 
cells. Circular rAAV intennediate clones isiolated i&om AV.GFP3ori infected 
Hela cells were analyzed by diagnostic restricdoh digestion with Asel, SphI, and 
PstI together with Southern blotting against ITR, GFP, and Stu£fer ^^P-labeled 
5 probes. In panel A, four clones r^resenting the diversity of intermediate . 
(pl90, p333, p280, and p345) gave a diagnostic PstI (?) restriction pk^ 
and 1 .7kb bands) consistent with a circular monomer or multimer intact genome 
[agarose gel (Left) and Southern blot (Right)]. SphI (S) digestion demonstrated 
existOTce of a single TTR (pI90), two TTRs in a head-to-tail orientation (p333 

10 and p280), and three mis 6>345) in isolated circular intemiediates. The 

restriction pattern of pCisAV.GFP3ori (U; uncut, P; PstI cut, S; SphI cut) and 1 
kbDNA ladder (L) are also given for conq)aiison. One additional circular form 
(p340) was repetitively seen and had an unidentifiable structure which lacked 
intact I I K sequ^ices. Circular concatamers were identified by partial digestion 

1 5 with Asel for clones p280 (dimer) and p333 (monomer) as is shown in Panel B. 
Sequence analysis (Panel C) of six clones with identical restriction patterns to 
p333 (Panel A) was perfoxmed using primers (indicated by arrows) juxtaposed to 
the partial p5 promoter (dotted hne) and ITRs (solid line). The top sequence 
rqjresCTts the proposed head-to-tail structure of intact ITR arrays with ahgnment 

20 of sequence derived from mdividual clones. The junction of the inverted ITRs is * 
marked by mverted arrowheads (at 25 Ibp). Several consistent bp changes 
(shaded) were noted in the 5 TTR D-sequence (boxed) within four clones 0>79, 
p81,p87,andp88). All bp changes are mdicated in lower case letters. 

Figure 3. Adenovirus augments AAV circular intermediate formation in 

25 Hela cells. Infection of Hela cells with increasing doses (0, 500, and 5000 
particles/cell) of recombinant El-deleted adenovirus (AdCMVlacIQ leads to 
substantial expression, of £2a 72kd DNA Binding Protein, as demonstrated by 
indirect iinhiunofiuorescent stainiiig fcH-DBP at 72 hou^ 
A). Co-infection of Hela cells with AdCMVIacZ (5000 paiticles/cell) and 

30 AV.GFP3ori (1000 DNA particles/cell) led to substahtial aiigmoitation of rAAV 
GFP transgene ^qiression (Panel B). Augmentation m rAAV GEP transgene - 
expression in the presoice of increasing amounts (0, 500!; 5000 and 1 0000 
pardcles/cell) of recombinant AdCMVlacZ was quantified by FACS analysis at 
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72 hour post-infection (Panel C). Results demonstrate the mean (+/-SEM) for 
two experiments performed in dupUcate. In addition, an aliquot of ceUs was spKt 
(1 : 10) at the time of FACS analysis aod GFP colony forming units (CFU) pa 
lOX field were quantified at 6 days (CPE denotes significant cytopathic effects 

5 at an adenoviral MOI of 10,000 particles/cell and was not quantified for GFP 
colonies). Hirt DNAs from AV.GFP3ori (1000 DNA particles/cell) infected 
Hela cells with or without co-infection with Ad-CMVlacZ (5,000 particles/cell) 
were used to transform K colu The total number of an^)icillin-resistant bacterial 
CFU (Panel D) and toted nnmba- of Kead-to-tail circular intermediates CFU 

10 (Panel E) are given for a representative experiment. Greater than 20 cicmes for 
each time point were evahiated by Southern blot (see Figure 2 for detail). Zcto 
hour controls wwe perfonned by mijdng an equivalent amount of AV.GFPSori 
virus as used in eacperimraits with mock infected cellular lysaies prior to Hirt 
purification, Panel F depicts the abundance of head-to-tail circular intemiediates 

15 as a percentage of total ampicillinHresistant bacterial C3FU isolated fam Hirt 
DNA. 

Figure 4. Formation of rAAV head-to-tail drcular intennediates 
following m vivo transduction of muscle. The tibialis anterior muscle of 4-5 
week old C57BL/6 mice were kfected with AV.GFPSori (3 X 1010 particles) in 

20 HEPES buffered saline (30 jil). GFP ejqpicssion (Panel A) was analyzed by 
direct immunofluorescence of fleshly excised tissues and/or in formalin-fixed 
cryopreserved tissue sections in four independently injected muscles harvested at 
0, 5, 10, 16, 22 and 80 days post-infection. GFP expression was detected at low 
levels beginning at 10 days and was maximum at 22 days post-infection. 

25 Expression remained stable to 80 days at which time greater Aan 50% of the 
tissue was positive (see 80 day tissue cross section counter stained with 
propidium iodide, panel A). Hirt DNA was isolated from muscle samples at 
eadi of the various time points and dto: points was used to transform £. co//. 
Rescued plasmids ^39. pl6, pl7) wae analyzed by Sbuthem blotting in Panel 

30 B showing an agarose gel on left and ITR probed blot on right U:uncut, P:PstI 
cut, and S:SphI cut The schanatic drawing of the most predominant type of 
head-to-tail circular AAV intennediate plasmids resci^ from bacteria is given 
inthe right of Panel B and shows the structure of pl7 as an example. Other 
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typical clones included those with less than two ITRs as shown for pl6. SphI 
digestion of p 16 and pi 7 plasmids released ITR hybridizing fragments of 
approximately 140 and 300 bp, respectively. The slightly lower mobility then 
predicted for these ITR fragments likely represents anomalous migration due to 
5 the high secondary structure of inverted repeats within ITRs. Sequence analysis 
of pl7 and pl6 using nested primers to 5' and S'-ITRs also omlBrmed the ITR 
orientations shown to the right of the gel. Additional restriction mqme 
analyses to determine this structure included doiible and single digests with 
Sphl» Pstl» Asel, and/or Smal. An example of an atypical clone (p439) rescued 

10 : from bacteria with unkttoirastnicture is also 

Figure 5. Frequency of circular intermediate formation in miiscle 
ifollowing transduction with tAAV. Hirt DNAs isolated from rAAV infected 
tibialis muscle were used to transform £. coli and the rescued plasmids analyzed 
by Southern blotting (greater than 20 clones were analyzed from at least two 

IS independent muscle saiiQ>les for each time point). The averages of total 

head-tp*tail circular intennediate clones (line) and ampicillin resistant bacterial 
clones (bar) isolated from each tibialis anterior muscle at 0, 5, 10, 16, 22 and 80 
days post-infection are summarized in Panel A. Only plasmids which contained 
1 -2 ITRs were included in the estimation of total head-to-tail circular 

20 intemiediates. Plasmids which demonstrated an absence of ITR hybridizing 
SphI fragments (between 150 to 300 bp) were omitted from the calculations. 
Panel B demonstrate the diversity of ITR arrays found in head-to-tail circular 
intermediates at 80 days post-infection. This panel depicts a Southern blot 
probed with ITR sequences and represents circular intermediates with 1-3 ITRs. 

25 SphI fragments which hybridize to ITR probes indicate the size of inverted ITR 
arrays (marked by arrows to right of gel). Additional restriction enzyme anafysis 
. . . was used to detetiiiine the structo 
int^ediates. Examples are shown for two multimer 0)136 and pl43) circular 
intermediates whidi contain aiqiroximately three AAV genonies. Undigested 

30 plasnids of pl36 and pl43 migrate greater than 12 kb and is contrasted to the 
most predominant form of head-to-tail undigested chcular iiitermediates at 22 
days which migrate at 2.5 kb. The digestion pattern of pl36 is consistent with a 
uriifoim head-to-tail configuration of Oree g«omes ^ 
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torn digestion patterns of pl39 which contains one circularized genome 
(undigested pl39 migrates at 2.5 kb, data not shown, al^ see examples pl7 in 
Figure 4). Iti contrast, pi 36 depicts a more complex head-to-tail multimer 
circular intermediate which has various deletions and duplications withm the 
ITR arrays. Predicted structure offive representative interaiediates is 
schematically ^own in Panel C. — 

¥igim 6. Molecular size of circular intennediates in muscle. Hirt DNA 
ftom AV.GFPSori mfected muscle was size fractionated by electrophoresis and 
various molecular wei^t fractions transformed into E. colu Results demonstrate 
the abundance of circular intermediates at each of flie given molectUar weights at 
22 and 80 days post-infection witii the rAAV shuttle vector; Structure of circular 
intermediates were confirmed by Southern blot restriction analysis. 

Figure?. Head-to-tail cinnilar intermediates demonstrate increase 
stability of GFP expression following transient transfection in Hela cells. 
Subconiluent monol^ers of Hela cells were co-transfected with p81, p87, or 
pCMVGFP and pRSVlacZ as an internal cratrol for fransfection eflSciency as 
described in the methods. Panel A demonstrates the e3q)ansion of GFP clones 
after one passage (arrows). Quantification of clone size and numbers are diown 
in Panel B. Clone size rq)resents the mean raw values while clone numbers are 
normalized for transfection efiSciency as d^ermined by X-gal staining for - 
pRSVlacZ. The data at the top of bar gr^h values for each construct in Panel B 
represents quantification of GFP clones after second passage (also normalized 
for transfection efficiency). Results indicate the mean (+ASEM) of duplicate 
experiments with greater than 20 fields quantified for each experimental point 
The persistence of transfected p81 andpCMVGFP plasmid DNA at passage-7 
post-transfection was evaluated by genomic SouthOTi blot of total cellular DNA 
hybridized against ^P-labeled GFP probe (Panel G, results from two independent 
transfections are shown). Uruncut, CJstI cut The migration of uncut dimer and 
monomer plaanids forms are mariced on the left. PstI digestion of tiie plasmids 
results in bands at 4.7 kb 0>CMVaFP, single Pstt site in plaanid) and 1.7 kb 
^81, two Pstt sites flanking the GFP gene). To determine whether tbe 
head-to-tail ITR array within circular intennediates was responsible for increases 
m the persistence of GFP expression, the head-to-tail TTR DNA elemmt was 
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subcloned into the pGL3 luciforase plasmid to generate pGL3(rrR). Results in 
Panel D compare the extent of luciferase transgene expression foUowing 
transfection with pGL3 and pGL3(rrR) at 10 days (passage-2) post-transfection. 
Results are the mean (+/.SEM) for triplicate experiments and are normalized for 
S transfection efBciency using a dual renilla Iuctf»ase reporter vector ^RLSV40» 

Promega). 

Figure 8; Identification ofadenoviral genes responsible for augmentation 
of AAV circuit intermediate fomiation* Hela cells were infe^ 
AV.GFPSori (1000 DNA particles/ceU) in the piesaice of wtAdS, m02 (E2a- 

10 deleted), and rfl 1004 (E4-deleted) adenovirus (at the indicated MOls). Total 
number of head-to*tail circular intennediates from Hirt DNA and the level of 
augmentation of GFP transgene expression (as detennined by FACS) was 
quantified at 24 hours post-infection (Panel A), Results are the average of 
duplicate experiments. Panel B depicts results fiom Southern blot analysis of 

15 Hirt DNA following hybridization to a GFP P^-labeled probe. DNA loads were 
10% of the total Hirt yield from a 35 mm plate of Hela cells. Infections were 
carried out identically to that described for Panel A. Arrows mark replication 
fomi concatamers (RQ, dimers (RQ, monomers (Rjy, and single-stranded 
AAV genomes (ssDNA). 

20 Figure 9. Model for indq)endent mechanistic interactions of adenovirus 

with lytic and latent phase aq)ects of the AAV life cycle. The adenoviral E4 
gene has been shown to augment the level of rAAV second strand synthesis 
giving rise to repUcation fonn dimers (RQ and monomas CR^i) (Figu^ 
This augmentation leads to substantial increases in transgene expres^oii &om 

25 rAAV vectors and most closely mirrors lytic phase replication of wtAAV as 
head-to-head and tail-fto-tail concatamers. In contrast, E4 expression inhibite the 
formation of head-to-tail circular intermediates of AAV. Hence» it dpptsas thk 
increases in the amount of and R]^ double stranded 
increase the extent of circular intennediate fomtiation. Su^^ 

30 conversi(niof R4 and Rf^ to circular intermediates d 

implicates two mechanisticaUy distinct pathway for their fomoation. In s«q>port 
of ftis hypotfaesisi ad^K>viraI E2a gene ex]»ession does not - 
formation of Rj^ and Ri^ genomes but rathor increiase the abundance and/or 
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Stability of head-to-tail circular intermediates. Furthennore, in the absence of 
E4, E2a gene expression does not lead to augmentation of rAAV transgroe 
expression. Since circular intermediates have increased epi^ 
muscle and m Hela cells, this molecular structure may be important in the latent 
5 phase of AAV pCTsistence. Alternatively, these circular intermediates may 
represmt pre-mteg?ation complexes as previously hypothesizedJ^rRq) 
fecihtated integratioiL In the absence ofRep, circular intermediates may 
accumulate episomally m rAAV iiifected ceUs. In sumniary, ^ 
si]pport the notion thsat adraovirus may modulate both latent and lytic aspects of 
10 the AAV life cycle. 

Figure 10. Individual chemical sequence of SphI ftagments firom p81 (A; 
SEQ ID NO:4), p79 (B; SEQ ID N0:5), and pl202 (C; SEQ ID NO:6) AAV 
circular mtermediates. The ends of the sequence (underlined) represent SphI 
restriction enizyme sites within head-to-tail tarcular AAV gmomes cloned with 
15 the AV-GFP3ori shuttle vmis. 

Figure 1 1. Cheniical sequeoce homology of three AAV circular 
intemiediates with various conformations of UR arrays. Diversity in ITR airays 
are evident from the non-conserved bases marked in lower case. The ends of Ac 
sequence (underlined) represmt SphI restriction enzyme sites within head^to-tail 
20 circular AAV genomes cloned with the AV,GFF3ori shuttle virus. 

Figure 12A^ Palindromic repeat structure derived from chemical 
sequencing of AAV circular intermediate isolate p8 1 . Secondary structure of the 
sense strand is dqjict^ ia the top box with plasmid reference given below. 
Figure 12B. Palindromic repeat structure dOTved from chemical 
25 sequencing of AAV circular intermediate isolate p79. Secondary structure of the 
sense strand is depicted in the top box with plasmid reference given below. 

Figure 12C. Paliridromic repeat structure derived from chemical 
sequencing of AAV circular intermediate isolate p79. Secondary stracture of the 
sense strand is depicted in the top box with plasmid reference given below, 
30 Figure 13. Persistence of GFP repression in developmg Xenopus : 

onbryos inicroinjected with AAV circular mtemiediate isolate p81 . The extent 
of GFP fluorcsc^ce in tallies reflects the stabiKty of q)isoinal OT 
microinjected plasmids. Bright field image on the left is of the p81 injected 
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embryo. The p8 1 injected embryo depicts fluorescence ih nearly all cells by one 
week post-injection. In contrast, a mosaic pattern of expression in a iiimority of 
cells in pGisAV.GFPori injected onbryos. The pCisAV.GFPori plasmid . . 
contaiiis the idratical promoter sequences driving GFP gene express 
ITRs sq)arated by stuffer sequence. These findings dononstrate that specific 
structural characteristics found within AAV circular intermediates ai« 
responsible for increased persistence of transgene expression* 

Figure 14. Mechanistic scheme for determinmg pathways for lAAV 
circular concatamer formation. The two independent vectors used in these 
studies, AVAlkphos and AV.GFP3.ori, are shown in Panel A . Restriction sites 
important in ttie structural analysis of circular intermediates are also shown. In 
Panel B, a scheniatic repitsentadon of two potential models for d 
concatamer formation is depicted, along with the methods to experimentally 
differentiate which of these processes is active in muscle. Following co- 
infection of tfie tibialis muscle witii AV.AIlq)hos and AV.GFP3.ori, all 
subsequently rescued plasmids arise solely from circular intermediates 
containing AV.GFPSori genomes. If rolling circular replication is the sole 
mechanism of concatamerization, only GFP expressing plasmids should be 
rescued. In contrast, if intermoIeciJar recombination between independently 
formed monomer circular intermediates is the mechanism of concatamerization, 
both GFP and GEP/Alkphos expressing plasmids should be rescued 

Figure 15. Co-infection of tibialis muscle of mice with AV.Alkphos and 
AV.GFP3ori. Transgene e3q)ression of rAAV infected tibialis niuscle was 
determined at 14, 35, SO (Panels A and A'), and 120 ij>anels B-D) days 
following co-infection with 5x10^ DNA particleis eaeh of AVvAlkphos and 
AV.GFP3ori. The time course of transgene expression started around 14. days 
and piaked by 35-80 days. Thp extent of co-infection of myofibcrs with both " 
Alkphos and GFP rAAV was detomindd in serial ^tions of 80 and 120 d^ 
post-infection muscle samples. Panels A-G rqiresirat Gi^ 
formalin fixed, qyoprotected sectiozis, while piEDi^ 

histochemical staining for Alkaline pho^hatase in ad^'acent serial sections* A 
short staining time (7 minutes) was necessary to observe variation in staining 
levels for comparison to GFP. It was found that longer staining times 
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(SO mmutes) saturated the Alkphos signal. The boxed region in panels B and B' 
are enlarged inpanels C and C, respectively. A more precise conrelation of GFP 
and Alkplws staimng in inyoffl>ers is given in Panel D in whidi co-lo^ 

oif GFP and Alkphos expression was examined in the same section of a 120 day 
5 pcwt-infected sample. IWs was performed by photographing the GFP 

fluorescent image prior to staining for Alkphos activity. HieleftjanelofD 
shows a high power Nomarski photomicrogr^h of a group of nayofibers (traced 
m red) . while the corresponding GFP and Alkphos staining patterns are show^ 
in the right paheL photomicrographs of Alkphos staming were taken with a red 
10 ffltertbaltow for superimpositionofstainingpattems with GEP fluorescence. 
Co-expression of Alkphos and GFP is shown within myofibers as a 
yellow/orange color Myofibers are marked as follows: (-) negative for both 
Alkphos and GFP, (*) positive for only GFP, and (+) positive for both GFP and 
Allqphos. 

15 Figure 16. Rescue of circular intomediates and diaracterizatian of DMA 

hybridization patterns. Using the ampicillm resistance gene (amp) and bacterial 
ori incorporated into the AV.GFPSori vector, the extent of circular intermediate 
formation was assessed by rescuing amp resistant plasmids following 
transformation of 1/5 die isolated HirtDNA into co/i Sure cells. Twenty 

20 plasmids from each mtiscle sample were prepared and analyzed by sl<rt blot 

hybridization against GFP, Alkphos, and Amp ^^-labeled DNA probes. A 
representative group demonstrating the hybridization patterns is shown in Panel 
A. Panel B depicts the mean (+/-SEM) number of rescued bacterial plasmids 
diat hybridized to either GPF alone, or to both GFP and Alkphos probes, 
25 foUowmg transformation of 1/5* oftheHirt DNA. These nmnbers were 

calculated from the percentage of plasmids hybridizing to GPF and/or Alkphos \ 
and the total CFU plating efSdency derived from the original transformation.^ 

total* 3 indei>eod6nt muscle sanq)les were analyzed for a total of 60 pl^ 
each time point The percentage of GFP hybridization positive rescue 
30 that also demonstrated hybridization to Alkphos is shown in Panel C. These dati 
demonslrate an increase in the abundance of rescued GFP/Alkphos co-^coding 
drcttlar intermediates over tisie. 
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Figure 17. transgene expression from rescued circular intermediates.: 
Rescued circular intermediate plasmids were transfected into 293 cells for 
assessment of tfaeir ability to express encoded transgenes. In these studies all 
GFP hybridization positive clones from at least two muscles were tested for each 
5 time point and scored for their ability to exi>ress GFP and Alkaline phosphatase: 
In total at least 40 clones were evaluated for each time point Hunee patterns of 
tiansgene expression were observed following transfecdon of these plasmids: I) 
no gene expression (Panel A), B) GFP expression only (Panel B), and m) GFP 
and Al]q)hos expression ^anel Q. Panels A-C depict Nomarski 

10 photomicrographs (left) of GFP fluorescrat fields (center) and Alkphos staining 
ofa diiferent field fronl the same culture (right). The percentage of GFP 
hybridization positive clones that also expressed GFP is shown in Panel D, 
Additionally, this panel illustrates the percentage of GFP expressing clones also 
expressing Alkphos. 

1 5 Figure 1 8. Structural analysis of bi-fimctional concatamer circular 

intennediates. To fully characterize the nature of GFP and Alkphos cp- 
expressing circular intermediates, detailed structural analyses were perfpmied 
using restriction enzyme mapping and Southern blot hybridization with GFP, 
Alkphos, and ITR ^^-labeled probes. Results fi^m Southem blot analysis of 

20 plasmid clone #33 (Panel A) and clone #5 (Panel C) are given as representative 
examples of circular intermediates isolated firan 80 and 35 day Hirt DNA of 
rAAV infected muscle, respectively. Agarose gels were run in triplicate for each 
of these clones and Southem blot filters wore hybridized with one of the three 
DNA probes as indicated below each autbradiogram. Molecular weights (kb) are 

25 indicated to the left of the ethidium stained agarosle gel and restriction enzymes 
are mariced on the top of each gel/filter. Panels B and D give tiie deduced 
structure of plasmid clones #33 and #5, re^ectiyely, as based on Southed blot 
analysis. For ease of comparison with the restriction ms^ of the viral genomes 
given in Figure 14A, the position of restriction enzyme sites (kb) are marked 

30 with the indicated orientation of mtact viral genomes. However, in clone #33 a 
deletion occurred between the Asel and HindQI site of a head-to^tail airay : 
between AV.Alkphos and AV.GFP3ori, las reflected by a 900 bp reduction in the 
anticipated size of Hindm/NTotl and Qal/Asel finagments (marked by astonsks in 
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Panel A). FurthOTnore, the SphI site flanking an ITR was ablated in clone #5 
(bands effected by this deletion are marked by asterisks in Panel C). The 
deletion is not reflected in the overall concatamer since the exact region involved 
arid/orthesizeof the deletion is unclear. Additionally, chemical sequ«ice 

5 evidence of rescued circular intermediates suggests that the predominant form of 
ITR arrays may be in a double-D structure (ie., one ITR flanked by two 
sequence rather than two ITRs) and hence ITR arrays containing fragments may 
appear 1 47 bp shorter Aan indicated. However, to more easily depict the 
orientation of viral genomes, the position of 5'and 3' ITRs is indicated rather 

10 than representing a single ITR at these junctions. 

Figure 19. Application of lAAV circular concatamers to deliver trans- 
splicing vectors with large goie inserts. Panel A depicts two rAAV vectors 
encoding two halves of a cDNA (red) and flanked by sp]icG site consensus 
sequences (brown). Panel B depicts one potential type of tntermolecular 

15 concatamer following co-infection of cells with the indq>endent vectors shown 
in panel A. Full length transgenemRNA can then be produced by splicing 
between these two vector encoded sequences within circular concatam^ 
netailed Descriptlan of the TnvCTirton 

Definitions 

20 As used herein, the terms "isolated and/or purified'* refer to in vitro 

preparation, isolation and/or purification of a nucleic acid inolepule of the 
invention, so that it is not associated with in vivo substances. 

As used h^m, a DNA molecule, sequence or segment of the invention 
preferably is biologically active. A biologically active DNA molecule of the 

25 invention has at least about 1%, more preferably at least about 10%, and more 
preferably at least about 50%, of the activity of a DNA molecule comprising ITR 
sequences from a circular intermediate of AAV, e.g., a DNA molecule 
comprising SEQ ID N0:3, SEQ ID N0:4, SEQ ID NO:5, SEQ ID N0:6, or a 
subunii or variant thawf. The activity of a nucleic add molecule of the 

30 invention can be measured by methods well known to the art^ some of which are 
described hereinbelow. For example, the presence of the DNA molecule ma 
recombinant nucleic acid molecule m a host cell results in episomd pasistence 
and/or increased abundance of the recombinant molecule in diose cells relative to 
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corresponding cells having a recombinant nucleic acid molecule lacking a DNA 
molecule of the invention. 

. ' A variant DNA molecule, sequence or segmmt of the invdition has at 
least about 70%, preferably at least about 80%, and more preferably a^ 
5 about 90%, but less than 1 00%, contiguous nucleotide sequence homology or 
ideatity to a DNA molecule comprising ITR sequences firomajn^ . 
intomediate of AAV, e.g., SEQ ID NO;3, SEQ ID N0:4, SEQ ID N0:5, SEQ 
ID NO:6, a subunit thereof. A variant DNA molecule of the invention may 
inctode nucleotide bases not present iu SEQ ID N0:3, SEQ ID NO:4, SEQ ED 
10 NO:5, SEQ roN0:6,e.g., 5^3' or internal deletions or insertions/ 

insertion of a restriction endonuclease recognition site, so long as these bases do 
not substantially reduce the biological activity of the molecule, A substantial 
reduction in activity means a reduction in activity of greater than about 50%, 
preferably greater than about 90%, 
. 15 I. Tdentification of Nucleic Add Mnlecules Falling Withm the S cope of the 
Invention 

A. Nucleic Acid Molecules of the Invention 

1 ■ Sources of the Nucleic Acid Molecules of the Invention 

Sources of nucleotide sequences from which the present nucleic acid 

20 molecules can be obtained include AAV infected cells, e.g., any vertebrate, 
preferably mammalian, cellular source. 

As used herem, the terms "isolated and/or purified" refer to in vitro 
isolation of a nucldc acid, e.g., DNA molecule from its natural cellular 
environmoit, and from association with other contQKments of the cell, such as 

25 nucleic acid or polypeptide, so that it can be sequenced, rq)hcate^ 

expressed. For exan^le, ''isolated nucldc acid'' is RNA or DNA containing: 
greater than about SO, preferably abom 300, and more preferably abo 
ixu>re, sequential nucleotide bases that comprise a DNA segment frpin a cmnilar 
intemediate of AAV which contains at least a pcntion of the 5' md 3' ITRs and 

30 theD sequence, or a variant thereof^ that is coii^)lementary or hj^diz^ 
respectively^ to AAV ITR DNA and reinains stably bound under strm 
conditions, as defined by metfiods well known in the art, e.g., in Sambrook €L al., 
1989. Thus, the RNA or DNA is 'isolated'' in that it is fiee from at least one 
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contaminating nucleic acid with which it is nonnally associated in the natural 
source of the RNA or DNA and is preferably substantially free of any other 
manunalian RNA or DNA. The phrase **£ree from at least one contaminating 
source nucleic acid with which it is nonnally associated" includes the case where 
5 the nucleic acid is reintroduced into the source or natural cell but is in a different 
chromosomal location or is otherwise jflanked by nucleic acid sequences not : 
nonnally found in the source cell, e.g., in a vector or plasmid. An exan^le of 
isolated nucleic add within the scope of the invention is nucleic acid that sh^es 
at least about 90%, preferably at least about 90%/and more pre&i^ 

10 about 95%, sequence identity with SEQ ID NO:3, SEQ ID NO:4, SEQ ID N0:5 
or SEQ ID N0:6, or a subunit thereof. 

As used herein, the term 'Recombinant niicleic acid** or 'preselected " 
nucleic acid,** e.g., ''recombinant DNA seqtienbe or s^ment^ or "preselected 
DNA sequence or segmoit" refers to a nucleic add, e.g., to DNA, that has been 

15 dmved or isolated from any a^n>priate celluW source, that ma 

subsequently chemically altered in vitro, so that its sequence is not naturally 
occuning, or conesponds to naturally occurring sequences that are not 
positioned as Aey would be positioned in a goiome which has not been 
transformed with exogenous DNA. An example of preselected DNA "derived" 

20 from a source, would be a DNA sequence that is identified as a useful fr^ment 
within a givOT organism, and which is then chemically synthesized in essentially 
pure form. An example of such DNA "isolated" from a source would be a usefiil 
DNA sequence that is excised or removed from said source by chemical means, 
e.g., by the use of restriction mdonucleases, so that it can be further 

25 manipulated^ e.g., amplified, for use in the invention, by the methodology of 
genetic engineering. 

Thus, recovery or isolation of a given fragment of DNA from a restriction 
digest can en:q)loy separation of the digest on polyaaylamide or agarose gel by 
electrophoresis, identification of the fragment of interest by conq>aris6n of its 

30 mobility versiis that of maiker DNA fiagmients of known molecular weight, 
rmioval of the gel section containing the desired fragment, and sqiaration of the 
gel from DNA. See Lawn et al., Nudeir AcidgReg ; ^ 6103 (1981), and 
Goeddel et al., Niic1ei<^ AddsRes^ £, 4057 (1980). Therefore, ^preselected 
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DNA" includes completely synthetic DNA sequences, semi-synthetic DNA 
sequences, DNA sequences isolated from biological sources, and DNA 
. sequCTcesderived.fiomR^^asweUasmixtlnesther^ 

Nucleic acid molecules having base pair substitutions (i.e., variants) are 
S prq)ared by a variety of methods known in the art These methods include, but 
. arenotlimited to, isolation j5x>m a natural source (in the case nfnatui^^ 
occurring sequence variants) or preparation by oligonucleotide-niediated (or site- 
directed) mutagenesis, PGR mutagenesis, and cassette mutagenesis of an earlier 
prepared variant or a non-variant ver^on of the nucleic acid molecule. 
10 Oligonucleotide-mediated mutagenesis is a preferred method for 

preparing substitution variants. This technique is well known in the art as 
described by Adehnan et al., DNA, 2, 183 (1983). Briefly, AAV DNA is altered 
by hybridizing an oligonucleotide encodmg the desired mutation to a DNA 
template, where the template is the single-stranded form of a plasmid or 
15 bacteriophage containing the unahered or native DNA sequence of AAV. After 
hybridization, a DNA polymerase is used to synthesize an entire second 
complementary strand of the template that will thus incorporate the 
oUgonucIeotide primer, and will code for the selected alteration in the AAV 
DNA 

20 Generally, oligonucleotides of at least 25 nucleotides in length are used. 

An optimal oligonucleotide will have 12 to 15 nucleotides that are completely 
complementary to fte template on either side of the nucleotide(s) coding for the 
mutation. TMs Msm<es that the oUgonucIeotide will hybridize properly to 
single-stranded DNA tenq>late molecule. The oligonucleotides are readily 

25 synthesized using techiiiques known in the art such as that described by 

al,.Pmc Natl AraH f^i TT<S ^^ (1Q7g) 

: ; The DNA ten^late can be gmerated by those vectors that are either 
. derived from bacteriophage M13 vectors (thecomniercially available M13mpl8 
and M13n:q>19 vectors are suitableX or Aose vectors that contam a sitter 
30 stranded phage origin of rq)licatira as described by Viera. et aL, MfithJEnzwnoL, 
15i3f(1987). Thus, the DNA diat is to be mutated miay be inserted i^^^^ 
these vectors to generate single-stranded template. 
stranded template is described m Sections 4.21-4.41 of Sambrook et al., 
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l^^^l^, w r wno. A T .horntoTV Mamial (Cold Spring Haibor Laboratoiy 

Press, N.y. 1989). 

Alternatively, single-stranded DNA template my be ge^^ 

denaturing double-stranded plasmid (or other) DN A using standard techniques. 
5 For aherationofthe native DNA sequence (to generate amino acid 

sequaice variants, for exampleVtbe oligonucleotide is hybridized to the s^^^ 

stnmded template undersuitable hybridization conditions. ADNApolymerizmg 
enzyme, usually the Klenow fragment of DNA polymerase t is then added to 
synthesize the complementary strand of the template nsing the oHgon«^^^ 
10 a primer for synthesis. A heteroduplex molecule is thus fbnned such that 
strand of DNA encodes the mutated fonn of AAV. and the other strand (the 
original template) encodes the native, un^dtered sequence of AAV. m 

heteroduplex molecule is then transformed into a suitable host cell, usually a 
prokaryotesuchasScoffJMlOI. After the cells are grown, they are plated onto 
15 agaroscplatesandscreenedusingtheohgonucleotideprimerradiohd)eled 
32-phosphate to identify the bacterial colonies that contain the mutated DNA. 
The mutated region is then removed and placed in an appropriate vector, 
geoerally an expression vector of the type typically en^loyed for transformation 

of an ap pi opri ate host 

The method described immediately above may be modified such that a 
homoduplex molecule is created wherein both strands of the plasmid contain the 
mulations(s). Hie modifications are as follows: The single-stranded 
oUgonucleotide is amiealed to the single-stranded template as described above. 
A mixture of three deoxyribonucleotides, deoxyriboadenosine (dATP), 
deoxyriboguanosine (dGTP). and deoxyribothymidine (dlTP), is combined with 
a modified thiodeoxyribocytosine called dCTP-(aS) (which can be obtained 
ftomtheAmcrshamCorporatiQri). Tlrismixbreisaddedto^ 
oUgomicleotide complex. Upon addifion ofDNA polymerase to this mixture, a 
strand of DNA identical to the template except for the mutated bases is 
30 generated In addition, this new strand 6fDNAwiUcontandCTP-<«S^ 

of dCTP, which serves to protect it from restriction endonuclease digestion. 

Aitertiietemplatestrandofthedouble.strandedheterodiq)lexisnicked 
wife an appropriate restriction enzyme, the template strand can be digested with 
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Exoin nuclease or another appropriate nuclease past the region that contains the 
site(s) to be mutagenized. The reaction is ften stopped to leave a molecule that 
is only partially single-stranded. A complete dbuble-strahded DNA homodupl^ 
is (hen fomied using DNA polymerase in the preseifce of all four 
5 deoxyribonucleotide triphosphates;, ATP, and DNA ligase. This homoduplex 
molecule can then be transformed into a suitable host cell such-as E. coli JMlOh 
For example, a jneferred embodiment of the invention is an isolated and 
purified DNA molecule comprising a DNA segment comprising SEQ ID N0:3, 
SEQ ID N0:4, SEQ ID N0:5, SEQ ID N0:6, a subunit thereof or a variant 
10 thereof having nucleotide substitutions, or deletions or insertions. 

n. Prenaration of Molecules TTsefiil to Practire the M^fhoHs nf thf> TnvRntinn 

A. Nucleic Acid Molecules 

1 ■ Chimeric Expression Cassettes 

To prepare expression cassettes for transformation herein, the 
1 5 recombinant or preselected DNA sequence or segment may be circular or linear, 
double-stranded or single-stranded. Genially, the preselected DNA sequence or 
segment is in the form of chimeric DNA, such as plasmid DNA, that can also 
contain coding regions flanked by control sequences which promote fbe 
expression of the preselected DNA present in the resultant cell line. : 
20 As used haein, "chimeric** means that a vector comprises DNA fiom at 

least two different species, or comprises DNA £rom the same species, which is 
linked or associated in a manner which does not occur in the "native"* or wild 
type of the species. 

Aside firom the preselected DNA sequences described above^ a portion of 
25 the preselected DNA may serve a regulatory or a structural fimction. For 
example, the preselected DNA may itself comprise a promoter that is active in 
mammalian cells, or may utilize a promotor already present in the g&aome Uiat is 
the transformation target. Such promoters include the CMV promoter, as well as 
the SV40 late promoter and retroviral LTRs (long terminal repeat elements), 
30 although many other promoter eliements well known to the art may be employed 
in the practice of the invention. 

Other elements funcdona] in the host cells, such as introns, aihancers, 
polyadenylation sequences and the like, may also be a part of the preselected 
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DNA. Such elements may or n»y not be necessaiy for the function of the DNA, 
but may provide improved expression of the DNA by affecting trmscriptio^ 
stabiKty of the mRNA. or the like. Such elements may be included in the DNA 
as desired to obtain the optimal performance of the tmnsfbrming DNA m the 
5 ceU. 

"Control sequences" is defined to mean DNA sequence&«ecessary for 
the expression of an opcrably Unked coding sequence in a particular host 
organism. The control sequences that are suitable for ptokaiyotic cells, for 
example, include a promoter, and optionally an operator sequence, and a 
10 libosome binding site. Eukaryotic cells are known to utilize pronaoters, 
polyadenylation signals, and enhancers. 

'•Operably linked" is defined to mean that the nucleic acids are placed in 
a functional relationship with another nucleic add sequence. For example, DNA 

for a presequence or secretory leader is operably Unked to DNA for apeptide or 
15 polypeptide if it is expressed as a preprotein that participates in the secretion of 
the peptide or polypeptide; a promoter or enhancer is operably linked to a coding 
sequence if it affects the transcription of the sequence; or a ribosome bmding site 
is operably linked to a coding sequence if it is positioned so as to faciUtate 
translation. GeneraUy, "operably Unked" means that the DNA sequences being 
20 Unked are contiguous and, in the case of a secretory leader, contiguous and in 
reading phase. However, enhancers do not have to be contiguous. Linking is 
accompUshed by Ugation at convenient restriction sites. If such sites do not 
exist, the synthetic oUgonucleotide adaptws or UnkeK are used in accord with 

convoitional practice. 
25 The preselected DNA to be introduced into the cells further will generally 

coiitain dther a selectAle marker gene or a reporter gene or botii to fedUtate 

identification and selection of transformed cells fiom the population of cells ^ 
sought to be tiansfonned. Alternatively, the selectable marker may be carried on 
a separate piece of DNA and used in a co-tiansfomoation procedure. Both 
30 selectable markers and reporter genes may be flanked wift appropriate 

regulatory sequences to enable expression in the host cells. Useful selectable 
markers are weU known in the art and include, for example, antibiotic and 

herbicide-resistance genes, such as neo, hpt. dkfr. bar. aroA. diqtA and fte Uke. 
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See also, the genes listed on Table 1 of Lnndquist et al. (U.S. Patent No. 
5,848,956), 

Rq)oner genes are used for identifying potentially trans^^ 
for evalusiting the functionaUty of regulatory sequences. Rq>orter genes wfaidi 
5 encode for easily assayable proteins are well known in the art In general, a 
rqporter gene is a gene which is not present in or expressed by_aie recipient 
organism or tissue and which encodes a protein whose expression is manifested 
by some easily detectable property, e:g., enzymatic activity.. Preferred genes 
include the chloramphenicol acetyl trstasferase gene (cat) from Tn9 of Ei co/i, the 

10 beta-glucuronidase gene (gas) of the uidA locus of E. colU and the luciferase 
gene from firefly Photinus pyralis. Expression of the reporter gene is assayed at 
a suitable time after the DNA has been introduced into the recipient cellsi 

The general methods for constructing recombinant DNA which can 
transform target cells are well known to those skilled in the art, and the same 

15 compositions and methods of construction may be utilized to produce the DNA 
useful herein. For example, J. Sambrook et al., Mpleciilar r innmg- A 
Laboratory Manual, Cold Spring Harbor Laboratory Press (2d ed, 1 989), 
provides suitable methods of constrtictioa 
2. TranftfoTTnation into Host Cells 

20 The recombinant DNA can be readily mtroduced into the host cells, e.g., 

mammalian, bacterial, yeast or insect cells by transfection with an expression 
vector of the invention, by any procedure usefiil for the intrxxiuction into a 
particular cell, e.g., physical or biological methods, to yield a transformed cell 
having the recombinant DNA stably integrated into its genome or present as m 

25 episome whidi can persist in the transfonned cells, so that the DNA molecules, 
sequmces, or segments, of the present invention are maintained and/or expressed 
bythehostcelL . ^ 

Physical methods to intnxhice si preselected DNA into a host cell incljude 
caldum phosphate precipitatioii,lQx>fectibn,par^ - 

30 rnicroinjection^ electroporation, and fhe like. Biological n^ 

the DNA of interest into a host cell include the use of DNA and RNA viral 
vectors. The main advantage of physical methods is diat they are not associated 
with pafholo^cal or oncogenic processes of viruses. However, they are less 
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precise, often resulting in multiple copy insertions, random integration, 
disruption of foreign and endogenous gene sequences, and uiq)redictable 
expressioxL 

As used herein, the term "cell line" or "host ceir is intraded to refer to 
5 well-chaiacterized homogenous, biologically pure populations of cells. These 
cells may be eukaryotic cells that are neoplastic or which have been 
^immortalized*' in vitro by m^ods known in the art, as well as primary cells, or 
prokao^tic cells. The cell line or host cell is preferably of rnammalian origm, 
but cell lines or host cells of non-mammalian origin may be employed, including 
10 plant, insect, yeast, fiir^ or bacterial sources. Generally, the preselected DN A 
sequence is related to a DNA sequence which is resident in the genome of the 
host cell but is not expressed, or not highly expressed, or, alternatively, 

overexpressed. ' 

'Transfected" or "transformed** is used herem to include any host cell or 
15 cell line, the genome of whidi has been altered or augromted by the presence of 
at least one preselected DNA sequence, which DNA is also refenred to in the art 

of graetic mgineering as 'lieterologous DNA,** "recombinant DNA,** 
"exogenous DNA,** "genetically engineered,'* "non-native,** or "foreign DNA,** 
wherein said DNA was isolated and introduced into the genome of the host cell 
20 or cell line by the process of genetic engmeeriag. The host cells of the present 
invention are typically produced by transfection with a DNA sequence in a 
plasmid expression vector, a viral expression vector, or as an isolated linear 
DNA sequence. 

To confinn the presence of the preselected DNA sequence in the host 
25 cell, a variety of assays may be performed. Such assays include, for example, 
"molecular biological'* assays well known to those of skill in the art, such as 
Southon and Northern blotting, RT-PCR and PCR; •T)iochemical** assays, such 
as detecting tiie presence of a polypeptide expressed from a gene present in the 
vector, e.g*, by immunological means (inamunoprecipitations, immiinoaffinity 
30 columns, ELISAs and Western blots) or by any other assay useful to identify 
molecules falling witiiin the scope of the invention. 

To detect and quantitate KNA produced from introduced DNA segments, 

RT-PCR may be employed. In this application of PCR, it is first iiecessary to 
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reverse transcribe RNA into DNA, using enzymes such as revK^e transcriptase, 
and then through the use of conventional PGR techniques anipKfy the DNA. In 
most instances PGR techniques, while usefu], will not demonstrate integrity of 
the RNA product Further infonnation about the nature of the RN A product may 
5 be obtained by Northern blotting. This technique denionstrates the presence of 
an RNA spedes and gives information about the integprity of that RNA. T^^ 
presence or absoice of an RNA species can also be detemined using dot or slot 
blot Northern hybridizations. These techniques are modifications of NorOiem 
blotting and only demonstrate the presence or absence of an RNA species. 

10 While Southern blotting and PGR may be used to detect the DNA 

segment in question, they do not provide information as to whether the DNA 
segment is being expressed. Expression may be evaluated by ^ecifically 
identifying the polypeptide products of the introduced DNA sequences or 
evaluating the phenotypic changes brought about by the expression of the 

15 introduced DNA segment in the host cell. 

in. Dosapes. Formulations and Routes of AdmfnistratioTi 

Administration of a nucleic acid molecule may be accomplished through 
the introduction of cells transformed with the nucleic acid molecule (see, for 
example, WO 93/02556)^ the adminis&ation of the nucleic acid molecule itself 

20 (see, for example. Feigner etal., US. Patent No. 5,580,859, Pardolletal, 
Immnnity, 2, 165 (1995); Stevenson et al., TmmimnI ]?pv 145, 21 1 (1995); 
Moiling, J, MqI. Med., 25, 242 (1997); Donnelly et al., Ann. NY Anarl . 
m 40 ( 1 995); Yang et al., Mol, Mfid. Today, 2, 476 (1996); Abdallah et al>, . 
Biol. Cell, S5, 1 (1995)), through infection with a recombinant vims or via 
. 25 liposomes. Pharmaceutical formulations, dosages and routes of administration 
for nucleic acids are generally disclosed, for example^ in Feigner et al,, supra.' 

Administration of die tfaeiapeutic agents in accordance with 
inveriiion may be continuous or intermittent, depending, for example^ up(m the 
refcipicnt's physiological condition, whether the purpose of ihe administration is 

30 therapeutic or prophylactic, aiid other factors known to skilled practitioneTs. The 
administration of the agents of the invention may be essentially continuous over 
a preselected period oftime or may be in a series of spaced doses. Bodi local 
and systemic administration is contemplated. When the molecules of the 
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invention are OTq)loyed for prophylactic purposes, agents of the invention are 
amenable to chronic use, preferably by systemic administratiorL 

One or more suitable unit dosage forms comprising the therapeutic agents 
of tfie invention, which, as discussed below, may optionally be formulated for 
5 sustained release, can be administered by a variety of routes including oral, or 
par^it^al, including by rectal, transdeimalv subcutaneous, intravenous, 
intramuscular, intraperitoneal, intrathoracic, mtrapuhnonaiy and intranasal 
routes. The formulations may, where qjpropriate, be convcni«tly presmted in 
disCTcte unit dosage forms and may be prepared by any of the methods well 
10 known to pharmacy. Such methods may iiichide the step of bringing into 

association the tha^eutic ag«t with liquid carriers, solid matrices, semi-solid 
carriers, finely divided solid carriers or combinations thereof, and then, if 
necessary^ introducing or shaping the product into the desired delivery system. 
When the therapeutic agoits of the invmtion are prq>ared for oral 
1 5 administration, they are preferably combined with a phaimaceutically acceptable 
carrier, diluent or excipient to form a pharmaceutical formulation, or unit dosage 
form. The total active ingredients in such formulations conq)rise firom 0.1 to 
99.9% by weight of the formulation. By **phaimaceutically accq)table" it is 
meant the carrier, diluait, excipient, and/or salt must be compatible with the 
20 other ingredients of the formulation, and not deleterious to the recipiOTt thawf. 
The active ingredient for oral administration may be present as apowder or as 
granule; as a solution, a suspension or an emulsion; or in achievable base such 
as a synthetic resin for ingestion of the active ingredients from a chewing gum. 
The active ingredient may also be pr^ented as a bolus, electuary or paste. 
25 phainiaceutical formulations containing the therapeutic agents of the 

inv«tion can be prepared by procedures known in the art using well known and 
readily available ingredi«its, Fot example, the agent can be formulated with 
common excipients, dihienti or (carriers, and formed into tablets, capsules, 
suspensions; poWdeis, iand the like. Exan^les of excipients, diluents, and 
30 carriers that are suitable for such formularions incto^ 

extendCTs such as starch* su^is, mannitol, and siticic derivatives; binding agents 
such as carboxym^yl cellulose, HPMC and other cellulose derivatives, 
alginates, gelatin, and polyvinyl-pyrrolidone; moisturizing agmts such as 
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glycerol; disintegrating agents such as calcium carbonate and sodium 
bicarbonate; agents for retarding dissolution such as para£Sn; resorption 
accelerators such as quatonary ammonium compounds; surfiice active agents 
such as cetyl alcohol, glycerol monostearate; adsorptive carriers such as kaolin 
S and bentonite; arid lubricants such as talc, calcium and magnesium stearate, and 
solid polyethyl glycols. 

For example, tabl^ or c^lets containing the agents of the invoition can 
include buffering agats su(^ as calcium carboriate, inagnedum oxide and 
magnesium carbonate. Caplets and tablets can also include inactive mgredients 

1 0 such as cellulose, pregelatinized starch, silicon dioxide, hydroxy propyl methyl 
ceUulose, magnesium stearate, micrcx:rystaUine ceUulose, starch, tal^ 
dioxide, benzoic acid, citric acid, com starch, mineral oil, polypropyl^e glycol, 
sodium phosphate, and zinc stearate, and the like. Haxd or soil geliatin capsules 
containing an agent of the invention can contain inactive ingredients such as 

15 gebtin, microcrystalline ceUulose, sodimn lauryl sulfate, starc 

titanium dioxide, and the like, as well as liquid vehicles such as polyethylene 
glycols (PEGs) and vegetable oil. Moreover, enteric coated caplets or tablets of 
an agent of the invention are designed to resist disintegration in the stomach and 
dissolve in the more neutral to alkaline OTviromnent of the duodenum. 

20 The therapeutic agents of the invention can also be formulated as elixirs 

or solutions for convenient oral administration or as solutions appropriate for 
parenteral administration, for iiistance by intramuscular, subcutaneous or 
intravenous routes. 

Tlie pharmaceutical formulations of the therapeutic agents of the 

25 invention can also take the form of an aqueous or anhydrous solution or 
• diq)erdon, or altoimtivdy the form of an emission or suq>^^ . 
Thus, the thersq>eiitic agent may be.formulated fcH* parente 
administration (e.g., by injection, for example bolus injection or continuous 
in&sion) arid may be presented in unit dose form hi a^ 

30 smaU volume in£ision containers or in muki-Kiose contains - 
preservative. The active ingredients may take such forms as si^^ 
solutions, or emulsions in oily or aqueous vehicles^ and n^y contain formulatory 
agents such as suspending, stabilizing and/or dispersing agoits. Alternatively, 
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theactivemgredientsinaybeinpowderfoini.obtamedby^a^^ 
stetfle soUd or by iyophilization fiom soluti<m, constita^^ 
vdricle, e.g., sterile, pyiogai-fiee watff, before use. 

These formulations can contam pharmaceutic^ 
5 adjuvantswhichareweUknovwiiiithepiiorart. It is possible, for example, to 
prepare solutions using one or more organic solveiit(s) that is/artacceptAle 
ftom the physiological stam^mt. chosen, m addition to water, fiom solvents 
such as acetone, ethanol. isopiopyl alcohol, glycol ethers such as the products 
sold under the name 'Dowanor, polygfycols and polyethylene glycols, C^-C, 
10 alkyl esters ofsbort-chain acids, prefenibly ethyl or isopropylhKtate.i^ 

triglycerides such as the products marketed under the name«MigIyor, isopropyl 
myristate, animal, mineral and vegetate oils and polysiloxanes. 

The compositions according to the invention can also coirtsan thickening 
agents such as ceUulose and/or ceUulose derivatives. They can also contain 
1 5 gums such as xantban. guar or carbo gum or gum arabic. oraltematively 
polyethylene glycols, bentones and montmorillonites, and flifc like. 

It is possible to add, if necessary, an adjuvant chosen ftom antioxidants, 
surfectants, other preservatives, fihn-forming, keratolytic or comedolytic agaits, 
per&mes and colorings. Also, other active ingredients may be added, whether 
20 for the conditions described or some other condition. 

For example, among antioxidants, t-butylhydroquinone, butylated 
hydroxyanisole, butylated hydroxytoluene and a-tocopherol and its derivatives 
may be mentioned. The galaiicai forms chiefly conditioned for topical 
application take the form of ctwuns, milks, gels, dispersion or microemulsions, 
25 lotionsthickenedtoagteateroriesserextent,impregnatedpads,ointmentsOT 
sticks, or alternatively the form of aerosol formulations m spray or foam form or 

aheraaiivcly in &e fijnn of a cate of so^. 

Additionany, flie agents are weU suited to fomulatipn as sust^ 

release dosage fointt andlhe like. The foimulatiorB cari be so ^ 
30 theyrclcasetheactiveingredientbnlyorpreferably inapaiticularpartofthe 

intestinal or respiratory tract, possibly over aperiod oif time. Tb& coatmgs, 
envelopes, and protective matrices may be made, for example, ftom polymeric 
substances, such as polylactide-gfycoiates. liposomes, microemulsions. 
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mi<TOpaiticles, nahopaiticles, or waxes. These co^ 

protective matrices are useful to coat indwelling devices^ e.g., stents, catheters, 
peritoneal dialysis tubing, and the like. 

The ther^eutic agents of the invention can be delivered via patches for 
5 transdermal administratioa See U.S. Patent No. 5,560,922 for examples of 
patches suitable for transdermal delivery of a therapeutic agenL. Patches for 
transdermal deliv^ can comprise a backing layer and a polymer matrix which 
has dispersed or dissolved tfierein a therapeutic agent, along with one or more . 
skin, permeation enhancers: Thebackinglayercanbemadeof any suitable mate* 

10 rial which is impenne^le to the ther^utic agent. The backing layer serves as a 
protective cover for the matrix layer and provides also a support function. The 
backing can be formed so that it is essentially the same size layer as the polymer 
matrix or it can be of larger dimmsion so that it can extend beyond the side of 
the polymer matrix or overlay the side or sides of the polymer matrix and then 

1 5 can extend outwardly in a mannar that the surface of the extension of the backing 
layer can be the base for an adhesive means. Alternatively, the polymer matrix 
can contain, or be formulated of, an adhesive polymer, such as polyacrylate or 
acrylate/vinyl acetate copolymer. For long-term 2^plications it might be desir- 
able to use microporous and/or breathable backing laminates, so hydration or 

20 maceration of the skin can be minimized. ^ . 

Examples of materials suitable for making the backing layer are films of 
high and low density polyethylene, polypropylene, j>oIyurethane, 
polyvinylchloridc, polyesters such as poly(ethyIene phthalate), metal foils, metal 
foil laminates of such suitable polymer films, and the like. Preferably, the 

25 materials used for the backing layer are lanunates of such polymer fihns with a 

metal foil such as ahimitmtn fnil Tti snch lanimatfi<^^ ^ pAlyn^pf ^Tm of the 

laniixiate wiU usually be in contact witii the adhedv 

; -The bacldng layer can be any appropriate thickness which will provide , 
the desired irotective and siqq)ort fimcti A suitable thickness will be fixnn 
30 about 16 to about 200 microns. : 

Gd^erally, those polymers used to form the biologically acceptable 
adhesive pofymer layer are those capable of forming 5luq>ed bodies, timt walls or 
coatings through which therapeutic agents can pass at a contn>Uedr^ Suitable 
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polymers are biologicaUy and phamtaceuticaUy compatible, nonaUergenic and 
insoluble in awi coinpalible vitfa body fliiids or tissues 
contacted. The use of soluble polymers is to be avoided since dissolution or 
erosion of the matrix by skin moistiTO would affect the release rate of Ae 
5 ther^ticagentsaswellasthecapabilityoftbedosageunittoremaininplace 

for conveniaafcis of removal. — 

Exemplary materials for fabricating the adhesive polymer layer include 
polyethylene, polypropylene, polyurethane, ethylene/propylene copolymers, 
ethylene/efliylacrylate copolymers. eJhyleneMnyl acetate copolymers, sUicpne 

10 dastomers,espedally the medical-grade polydimeaylsiloxaiies,neopre^ 
rubber, polyisobutylene, polyacrylates, chlorinated polyethylene, polyvinyl 
cUoride. vinyl chloride-vinyl acetate copolymer, crosslinked polymethaciylate 
polymers (hydrogel). polyvinyUdene diloride.poly(ethylene tcrephthalafe), butyl 
rubber, epichlorohydrin rubbers, ethylenvinyl alcohol copolymers, elfaylen&^ 

15 vinyloxyethanol copolymers; silicone copolymers, for example, polysiloxane- 
polycaibonate copolymers, polysUoxanepolyethylene oxide copolymers, 
polysUoxane-polymethacrylate copolymers, polysUoxane-alkylene copolymers 
(e.g., polysiloxane-ethylene copolymers), polysiloxane-alkylenesilane 
copolymers (e g., polysiloxane-ethylenesilane copolymers), and the like; 

20 cellulose polymer^i for example methy} or ethyl cellulose, hydroxy propyl 
methyl ceUulose, and ceUulose esters; polycarbonates; polytetiafluoroethylene; 
and the like. 

Preferably, a biologically acceptable adhesive polymer matrix should be 

selected fiom polymers with glass transition temperatures below room 
25 tenqwraturclbe polymer may, but need not necessarily, have a degree of 

crystallinity at room temperature. Cross-linking monomeric units or sites can be 
incorporated into such polymers. For example, cross-linkmg monomers can be 
incdrpoi^ted into polyaoylate polymers, which provide sites for cross-linking 
ae matrix after dispersing the therapeutic agent into the polymer. Known cross- 
30 linking monomers for polyacrylate polymers inchide polymethacryUc esters of 
polyols such as butylene diacryiale and dimethacrylate, trimethylol propane 
trimethacrylate and the like. Other monomers which provide such ates include 
allyl araylate, allyl metharaylate, diallyl maleate and the like. 

32 



PCT/US99/11I97 



Preferably, a plasticizer and/or humectant is dispersed witi^ 
iadhesive polymer matrix. Water-soluble polyols are generally suitable for ibis 
purpose. Incorporationof a humectant in the fonnulaiion allows the dos^e unit 
to absorb moisture on the surface of skin which in turn helps to reduce skin 
5 irritation and to prevent the adhesive polymer layo- of Ae delivery sfystem fiom 
failing. 

Ther^eutic agents released fiom a transdermal delivery systCTi must be 
enable ofpenetrating each layer of skin. In order to increase the rate of 
pomeatipn of a therqjaitic agent, a transdermal drug delivery system must be 

10 able in particular to increase the permeability of flie outermost layer of skin, the 
stratum comeum, which proyides flie most resistance to the poietxatioh of 
molecules. The febrication of patches for transdermal delivery of therapeutic 
agents is well known to the art 

For administration to the upper (nasal) or lower respiratory tract by 

1 5 inhalation, the therapeutic agents of the invention are conveniently delivered 
fiom an insufflator, nebulizer or a pressurized pack or other conyement means of 
delivering an aerosol spray. Pressurized packs may comprise a suitable 
propellant such as dichiorodifluoromethane, trichlorofluoromethane, 
dichlorotetrafluoroethane, carbon dioxide or other suitable gas. In the case of a 

20 pressurized aerosol, the dosage unit may be determined by providing a valve to 
deliver a metered amoimt 

Alternatively, for administration by inhalation or insufflation, the 
composition may take the form of a dry powder, for example, a powder mix of 
the ther^eutic agent and a suitable powder base such as lactose or starch. The 
25 powder composition may be presented in unit dosage form in, for example, 
c^sules or cartridges, or, e.g., gelatine or blister packs firom-whidh the powder 

may be adrninistered with the ad of an inhalator, irisufiQator or a meter^^ 
-inhaler. .. :\ [ ■ ^ v^, ^ ' . .\. . 

For intra-nasal administration, the thersq)eutic agent m^ be administered 
30 via nose drops, a liquid spray, sucj^ as via a plastic bottle atomizer or metered- 
dose inhaler. Typical of atornizos are the MistOTieter (Wintrop) 
Medihaler(Riker)./. 
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The local deUvety of the therapeutic agents of the mvention can also be 
by a variety of techniques which administer the agent at or near the site of 
disease. Examples ofsite-5?»edfic or taigrted local deUvery techniques a« 
mtended to be limiting butto be Uhistrative of the techniques available. 
5 Examples include local delivery catheters, such as an infusion or indwelling 
catheter. e.g., a needle infusion cathetef, shunts and stents or othoLimplan^^^ 

devices, site specific earners, direct injection, or direct appHcations. 

For topical administration, the therapeutic agents may be formulated as is 
knownintfaeartfordirectappUcationtoatargetarea. Conventional fonns for 

10 thispuiposeincludewounddrcssings,coatedbandagesorothcrpolymer 
coverings, ointments, creams, lotionsi pastes, jclHes, sprays, and aerosols. 
Ointments and creams may, for example, be formiilated wi& an aqueous or oily 
base with the addition of suitdile thickening and/or gelling agents. IX)tions m^^ 
be formulated with an aqueous or oily base and wiU in general also contain one 

15 or more emulsifying agents, stabilizing agents, diq)ersing agents, suspending 
agents, thickening agents, or coloring agents. Hie active ingredients can also be 
delivered via iontophoresis, e.g.. as disdosed in U.S. Patent Nos. 4,140,122; 
4383.529; or 4,051,842. The percent by weight of a therapeutic agent of the 
invention present in a topical formulation wiD depend on various fectors. but 

20 generaUywiU be from 0.01% to 95% of the total wei^tofthe formulation, and 

typically 0.1-25% by weight 

Drops, such as eye drops or nose drops, may be foimuMed with an 
aqueous or non-aqueous base also comprising one or more dispersing agents, 
solubilizing agents or suspending agents. Liquid sprays are conveniently 

25 delivered fiom pressurized packs. Drops can be deUvered via a simple eye 
diopper-capped bottle, or via a plastic bottte adapted to deliver Kquid contents 

dropwise, via a ^)ecially diaped closure. 

The fhaq)eutic agrait may further be formulated for topical 

administration in the mouth or throat For example, the active ingredients may 
30 be formulated as a lozenge further comprising a flavored base, usually sucrose 
and acacia or tragacanth; pastiUes comprising the composition in an inert base 
such as gelatin and glycerin or sucrose and acacia; and mouthwashes comprismg 
the composition of Ae present invention in a suitable liquid carrier. 
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The fonnuldtions and compositions, described b^ein may also contain 
other ingredients such as antimicrobiai agents, or presovatives. Furtfaeimore, 
the active ingredients may aIso.be used in combmation with other fhen^^tic 
agents, for example, bronchodilatois. 
5 In particular, for deliveiy of a vector of die invention to a tissue such as 

muscle, any physical or biological method that will introduce_Qie vector into the 
muscle tissue of a host animal can be employed.. Vector means both a bare 
recombinant vector and vector DNA packaged into viral coat proteins, as is well 
known for AAV administratioa Simply dissolving an AAV vector in phosphate 
1 0 buffered saline has been demonstrated to be sufGcient to provide a vehicle useful : 
for muscle tissue expression, and tha*e are no Imown restrictions on the c^ers 
or other components that can be coadministered with the vector (although , 
compositions that degrade DNA should be avoided in the normal manner with 
vectors). Pharmaceutical compositions can be prepared as injectable 
15 formulations or as topical formulations to be delivered to the muscles by 

transdennal transport. Numerous formulations for both mtramuscular injection 
and transdertaal transport have been previously developed and can be used in the 
practice of the invention. The vectors can be used with any phaimaceutically 
acceptable carrier for ease of administration and handling. 
20 For purposes of intramuscular injection, solutions in an adjuvant such as 

sesame or peanut oil or in aqueous propylene glycol can be ^ployed, as well as 
sterile aqueous solutions. Such aqueous solutions can be buffered, if desired, » 
and the hquid diluent first rendered isotonic with saline or glucose^ Solutions of 
the AAV vector as a free acid (DNA contains acidic phoq)hate groups) or.a 
25 phannacologicaUy acceptable salt can be prepared in water smta^^ 

sur&ctant such as hydroxypropylcellulose. A di^>ersion of AAV viral particles 
can also be prepared in glycerol, liquid polyethylene glycols and mixtares 
thereof and in oils, Ibder ordinary conditiom of storage aiid..use»tfaese^.^;.:^/^ 
preparatibtis contain a preservrative to prevent the growth of microorgaiii^^ 
30 this connection, the sterile aqueous media CTiployed are all readily obtainable by 
standard techniques well-known to those skilled in the art ^ 

The pharmaceutical forms suitable for injectable use include sterile 
aqueous solutions or dispersions and sterile powders for the extemporaneous . 
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preparation of sterile injectable soiutions ot dispersions. In aU cases ihe form 
miist be sterile and must be fluidto the eittent that easy syiingability exists. It 
must be stable tindwtiie conditiOTs of manufectore and storage and must be 
preserved against the contaminating action of microorganisms sudi as bacteria 

5 and fimgi. The carrier can be a solvent or dispersion medium containing, for 
example, water, ethanol, polyol (for example, glycerol, propylena glycol, liquid 
polyethylene glycol and the like), suitable mixtures thereof and vegetable oils. 
The proper fluidity can be maintaine4 for example, by flie use of acoatbg such 
as lecithin, by the maintenance of th^ requiriwi particle size in &e ca^^ 

IQ dispersion and by the use of sur&ctants. The prevention of the action of 
microorganians can be brought about by various antibacterial and antifimgal 
agents, for example, parabens, chlorobutanol, phenol, sorbic acid, thimerosal and 
theUke. In nmy cases it wiU W preferable to inchide isotonic ^ents, for 
example, sugars or sodium chloride. Prolonged absorption of the injectable 

1 5 compositiohs can be brou^t about by use of agents delaying absoiptioin, for 
«can:q»le, alinninum monostearate and gelatin. 

Sterile injectable solutions are prepared by incorporating the AAV vector 

in the required amount m the appropriate solvent with various of the other 

mgredients enumerated above, as required, followed by filtered sterilization. 
20 Generally, diq)ersions are pfq>ared by incorporating the sterilized active 

ingredient into a sterile vdiicle which contains the basic dispersion medium and 
the nxpiired other ingredients firam those enumerated above. In the case of 
sterile powders for the preparation of sterile injectable solutions, the preferred 

mcflwds of preparation are vacuum drying and the fteeze drying technique which 
25 yield a powder ofthe active ingredirait plus any additional desired ingre^ 

.from tiie previouisly sterile-filtoed sotation thereot 

For purposes of topical admiuistration, dilute sterile, aqueous solutions 

(usuaUy in about 0.1% 1o 5% concehtratiitoX otherwise si^ 

parenteral solutioms, are prepared in containers suitable for imidipOTatiom mtd a 
30 transdermal patch, and can inchide known cameii5, 5udi as pharmaceutical grade 

dimethylsnlfoxide pMSO). 

The thnapeutic compounds of this invention rnay be administered to a 

mammal alone or in combination with pharmaceutically acceptable carriers. As 
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noted above, the relative proportions of active ingredient and carrier are :. 
detennined by the solubility and chemical nature of the compound, chosen route 
of administration and standard phaimaceutical practice^^ 

: The dosage of the present therapeutic agents which will be most suitable 
S . for prophylaxis or treatment will vary with the form of admini^tion, the 
particular compound dhosen and the physiological charactmstics of the 
particular patient under treatmrat. Generally, small dosages will be used 
initially and, if necessary, will be increased by small increments until the 
... optimum effect imder the circumstances is reached. Exemplary dosages are set 
10 out in the example below. 

Since AAV has been shown to have a broad host range (forpulmonary 
expression) and persists in muscle, the vectors of the invention may be employed 
to express a gene in any animal, and particularly in mammals, birds, fish^ and 
reptiles, especially domesticated mammals and birds such as cattle, sheep, pigs, 
IS horses, dogs, cats, chickens, and turkeys. Both human and veterinary uses are 
particularly preferred. 

The gene being expressed can be either a DNA segment encoding a 
protein, with whatever control elements (e.g., promoters, operators) are desired 
by the user, or a non-coding DNA segment, the transcription of which produces 
20 all or part of some RN A-containing molecule (such as a transcription control 
element, +RNA, or anti-sense molecule). 

Muscle tissue is a very attractive target for in vivo gene delivery and gene 
. ther^y, because it is not a vital organ and is very easy to access. If a disease is 
caused by a defective gene product which is required to be produced and/or 
25 secreted, such as honophilia, diabetes and Gaucher's disease, and the like, is 
. muscle is a good candidate to supply the gene product if thei appropri^e gene can 
be effectively delivered into the cells. 

Different vectors, such as naked DNA, ad^ovirus and retrovirus, have 
. bera utilized to directly deliver various transgenes into muscle tis^ 
30 HowevCT, neith^ system can offer both higji efSci^cy and. long-term. 

expression. Fornaked plasmid DNA directly delivered into muscle tissue, the 
. efBciency is not high. There are only a few cells near the mjection site that can 
maintain transgene expression. Furthermore, the plasmid DNA in the cells 

37 



PCTAJS99/11197 



remains as iK>n-rq)Hcatmg episomes, ie,, m Therefore, it 

will be eventually lost For adenovirus vector, it can infect the non-dividing 
cells, and thCTcfore, can be directly deUvered into the mature tissues 
muscle. However, the transgene delivraed by adenovirus vectors are not useful 
5 to maintain long-termi expression for the following reasons. First, since 
adenovirus vectors still retain most of the viral genes, ttiey are noLvery safe. 
Moreover, the expression of those genes can cause the immune system to destroy 
thecellscontainingthevectors(see,for example, Yang ^aL 1994, Proc. Natl. 
Acad. Sci. 91 :4407-4411). Second, since adenovirus is not an integration virus, 

10 its DNA will eventually be diluted or degraded in the ceils. Third, due to the 
immune le^nse, adenovirus vector could not be repeatedly delivered. In the 
case offifetime diseases, this will be a major timitatioiL Forietrovirus vectors, 
althou^ th^ can achieve stable integration mto the host chromosomes, tiiieir use 
is very restricted because they can only infect dividing cells while a large 

15 majority of the muscle cells are hoiirdividing, 

Adeno-associated virus vectors have certain advantages over the above- 
mentioned vector systems. First, like adenovirus, AAV can eiBBci«itly infect 
non-dividing cells. Second, all the AAV viral genes are eliminated in the vector. 
Since the viral-gene-expression-induced immune reaction is no longer a concern, 

20 AAVvectorsaresaferthan Ad vectors. Thirds, AAV is an integration virus by 
nature, and integration into the host chromosome will stably m aintain its 
transgene in the cells. Fourth, AAV is an extranely stable virus, which is 
resistant to many detergents, pH changes and heat (stable at 56*^0 for more than 
an hour). It can be lyophilized and redissolved without losing its activity. 

25 Therrfore, it is a v«y proinising delivery vehicle for gene ther^y. 

The inv^on will be further descnbed by, but is not limited to^ 
following exanq>les. 

■y Rrampiel 

Materials and Methods 

Z^i ConstnictionofrAAV Shuttle Vcrtor,^\- 

A rccombmant AAV shuttle vector (-AV.GFPSoriyi^ 
transgene cassette, bacterial ampicillin resistance gene, and bacterial origin 
of replication, was generated firom a cir-acting plasmid (pQsAV.GFPSori). 
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Expression of the GFP gene was directed by the CMV promoter/en^ . 
SV40 poly-adenylation sequences. pCisAV.GFP3ori was constmcted with 
pSub201 derived FIR elonents (Samulski et al., 1 987) and Oiei intactness of FIR 
sequraces was confiinied by restriction analysis wi 
5. sequencing. Recombinant AAV stocks were generated by co-transfection of 
pCisAV.GFP3ori and pRep/Cq) together with co-infection ofzecombinant 
Ad.CMVlacZ in 293 cdls Puan et al., 1997). Following transfection of fcMTty 
ISO mm plates, cells were collected at 72 hours by centrifiigation and 
resttspended in 12 ml of buffer (lO mM Tris pH 8;0). Virus was released fiom 
10 cells by three cycles of fieeze/thawing and passaged through a 25 gauge needle 
six times. Cell lysates wctc then treated with 1.3 mg/ml DNase I at 37*C for 30 
. minutes and l%depxycholate(g/ml final) and 0.05% tiypsm 

37^C for 30 minutes. Samples were then placed on ice for 10 minutes and 
cehtrifuged to remove lai^e particulate material at 3,000 rpm for 30 minutes. 
15 rAAV was purified by isopycnic density gradient centrifiigation in CsCl 

(r=1.4)inaSW55rotorfor72hoursat35K. Peak firactions of AAV were 
combined and re-purified through two more rounds of CsQ centrifiigation, 
followed by heating at 58 °C for 60 minutes to inactivate all contaminant helper 
adenovirus. Typically, this preparation gave approxiniate AAV titers of 10"^ 
20 DNA molecules/ml and 2.5 x 10^ GFP-expressing units/ml. Recombinant viral 
titers were assessed by slot blot and quantified against pCisAV,GFP3ori controls 
for DNA particles. Functional transducing units were quantified by GFP 
transgene expression in 293 cells. The absence of helper adraovirus was 
confirmed by histocheniical staining of rAAV infected 293 cells for 
25 beta-galactosidase^ and no recomibinant adenovirus was found in 10'^ particles of 
purified rAAV stocks. The absence of significant wtAAV contamination wasl 
confinned by inmiunocytodiemical staining of rAAV/Ad co-infected 293 cells 
with anti-Rep antibodies. : These studies, which had a sensitivity of 1 wtAAV in 
10'^ rAAV particles, demonstrated an absence of Rep staining as compared to 
30 pRep/Cspplasmid transected controb^^^ 
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TcMarint. anrt st nTf*'"^' T?vatnatinn of AAV CitrnlffT Tntfrmfflliatc? Fmrn Hela 

aek Mils were giovyn in 35 mm didies in DMEM niedia siqjple^ 

with 10% fetal calf senrai (FCS). Cells were infected in the.presence of 2% FCS 
5 at80%conflueiMqrwiliirecombinantAV.GFP3ori(MOi=1000particles/celUlx 
1 0» total particles/plate) and ffirt DNAs isolated as descnW by Ilnan et 
(1997) at 6, 12, 24, 48, and 72 hours post-infection. In experiments analyzing 
the effecte of adenovirus, plates were co-infected witti Ad.CMVLacZ 
(MOI=5000 particles^ceU) in the presence of 2%FGS/DMEM, Zero hour 
10 controlsweregeneratedbymixii«l(y'particlesofAY.GFP3oriwithceUlysate^ 
prior to Hilt DNA preparation. Hirt DNA isolated at each time point was used to 
transfonn E. coli SURE cells (Stratagene, La JoUa, CA.). Typically, 1/10 of the 
Hirt DNA preparation was used to transfonn 40 ml of conq)etent bacteria by 
electroporatioa The resultant total number of bacterial colonies was quantified 
15 for each timepoint and the structure of circular intemiediates was evatoaled for 
greater than 20 plasmid clones for each time pomt from two independrait 
ejq>eriments. Structural determinations were based oh restriction enzyme 
analysis using Psfl, SphI, Asel single and double digests together with Southon 
blottmg agamst GFP, stuffer, and ITR pr(*es. : 

20 T?vahiatir»n of anH f ffne eyniffi^STOn in Hflla CSllS . 

E2a gene expression was evaluated by immunofluorescent staining of 
Hela cells superinfected with El-deleted Ad.CMVlacZ (MOI= 0, 500, 5000 
paxticles/ceU). Briefly, cells were fixed m methanol at -20''C for 10 minutes 
followed by air drying. Cells were then mcubated at room temperature with 

25 hybridoma supernatant against Ad5 72kd DBP (Reich et al., 1983), foUowed by 
goat anti-mouse-FTTC antibody (5 mgtol) for 30 mhmtes at room teiiiperature. 
In studies evataating au^nentation of AAV GFP transgene expression by 
adenovinte, Hela cells were harvested at 24 or 72 hours post-infection by - 
tiypsinizatiton, resiispehded in 2%FCS/PBS and cvahiatedby FACS,analyses: 

30 Thresholds were set using unmfccted controls and the percentage and/or the 
average relative fluorescent ratensity was determined by sorting greater than 10* 
cells per experimoit condition. 
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Sequence Analysis of AAV Circular Tntermeriiaf eg 

. Sequence analysis of the FTR array within circular intermediates was 
performed using primers ELI 18 (S^-CGGGGGTCGTTGGGCGCTCA-S'; SEQ 
ID N0:1) and EU30 (5'-GGGGGGAGCCTATGGAAAA-3'; SEQ ID N0:2) 
5 which are nested to 5' and 3' ITR sequences, respectively. Both circular and 
Imearized (with Smal which cuts within rni sequences) pla^ 
siequenced. 
Resnhs • • 

Construction of rAAV Shuttle Vector and Tsolarirm nf Hircular TtitftrmpHiMi>g 
10 . To circumvent the inability to retrieve pre-integraticni intermediates or as 
stable q)isomal forms resistant to nuclease digestion, an alternative strategy was 
developed to **trap" circular intermediates using a recombiniant AAV shuttle 
vector. Recombinant :AV.GFP3ori virus (Figure IB) was generated fioin a 
CIS-acting plasmid (pCisAV.GFPSori, Figure 1 A) by co-transfection hi 293 cells 
15 with trans-acting plasmids encoding Rep and Cap viral genes. This viral vector 
(AV:GFP3ori) enciDded the green fluorescent protein (GFP) reportisr gene, a 
bactaial origin of replication (ori), and the bacterial ampicillin-resistance gene. 
Qri and ampicillin-resistance sequences encoded in this virus allow for the 
rescue of circular AAV genomes formed during the transduction process. 
20 To test this strategy, Hela cells were infected with AV.GFP3ori 

(M0I=1 000 particles/cell) and the abundance of circular intermediates was 
evaluated following transformation of low molecular weight cellular Hirt DNA 
into E, coli SURE cells. The presence of circular intermediates was inferred by 
retrievable ampicillin-resistant bacterial colonies. Structural features of circular 
25 intermediates, were determined by restriction enzyme analysis and Southem 
blotting with various regions Qf the provinis, including GFP, Stuifer, and ITR 
sequences.'- 

: /nie piedomiiiant cin?idar fi^ 
with AV.GFP3ori consisted of 4.7.kb mohom^-sized n^lecides (Figure IG^; 
30 SphI digestions of these circular intermediates yielded characteristic 300 bp 
bands which hybridized to an ITR probe on Southem blots (Figme 2A). PstI, 
SphI, Asel sbgle and double digests together with Southern blot analysis using 
GFP, StuflFer (data not shown), and ITR (Figure 2A) probes confirmed the 
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structure of the circular intennediates as head-to-taU monomer genomes (Figure 
IC). In particular; Psfl digests togedier with rm Southern blots distinguish 
these head-to.tail circular intermediates fiom head-to-head or tail-to-tail circular 
dimers. Similar results obtained with studies on AV.GFP3ori infected 293 cells 
5 and primary fibroblasts have confirmed that monomer head-to-tail circular 
intermediates w«e also the most abundant form in these cell tjjtfs. 

Because fte predicted molecular wagjit of an intact head-to-tail ITR 
SphI fragment would be approximately 360 bp, an anomalous migration in 
agarose gels might be due to the high secondary structure of invated xepeais 
10 witiiinrres. To this end, the head-to-tail orientation of the ITRs, as predicted 
by Southan blot analysis, was confirmed using several sequoicing strate^es. 
First, the SphI ITR hybridizing fragment of a circular iiitermediates was 
subctoned into a secondary plasmid vector and sequenced with primers oiitside 
the ITR cloned sequences. These findings confirined the head-to-tail orientation 
15 of ITRs. Additionally, sequwice was obtained directly from six monomer 
curular intemiediate clones using primers ihtanal to bofli the 5' and 3' TIRs 
(Figure 2C). In these studies, circular intermediates were digested with Smal 
and the linear 4.6 kb plasmid was gel isolated prior to sequracing. Smal 
digestion (which relaxed the secondary structure of ITRs) was necessary to 
20 obtain sequence information within the ITRs. The sequencing resuhs presented 
in Figure 2C confirmed the orientation of head-to-tail ITR arr&j^ in these 
intermediates. 

Inta-estingly, sequendng also revealed several consistent base pair (bp) 
changes in four ofthe six clones analyzed (Figure 2C). These four clones (p79, 
25 p8 1 . p87, and p88) had consistent two bp (Aanges within the D-sequence [G->A 
(122bp) and A->G (125bp)3, which always occurred together with the bp 
alterations in the p5 promoter [A->G (114bp) and A->C (1 ISbp)]. No other 

consisiem bp changes were noted excq>t for two clones (p79 and p88) which 
denionsirated mutations just outside die 3™ I>-sequence (T->G^ (^^^ 

30 T->G(383bp)]. V 

Although head-to-tail circular intamediates were die most abundant 
forms present in Hirt DNA fiom rAAV infected Hehi cells, several less frequent 
stracttires were also detected. These included monomer circularized AAV 
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genomes with one (pi 90) and three ITRs (p345) arr^ 
fashion as well as several clones with an unknown structure 
ITRs (p340) (Figure 2A). Such diversity within the JTR amy may represent 
homologous recombination in vivo or in bacteria during anxplification. Howevo^, 
S previoiis studies demonstrating similar variations in ITR sequences of 

head-to-tail integrated genomes, suggest that such changes in the length of the 
ITR array may occur in vivo (Duan et al., 1 997) Additionally^ less frequent 
head-to-tail circiulanzed miiltimdr fomis were predicted based on the variation in 
migration pattems of uncut plasmids which gave idmtical restriction i^ttems. 

1 0 Results shown in Figure 2B confirmed the existence of monomer and dinner 
head-to-tail circular intermediates using partial digestion with an enzyme which 
cuts once in the AAV geaome (Asel). Cumuliative analysis of greater than 200 
independently isolated circular intermediates fit>m Hela cells demonstrated that 
head-to-tail circular AAV genomes occurred in greatest abundance as monomers 

15 (92%) and less frequently as multimers of greater than one genome (8%). 

To establish that head-to-tail circular intermediates were formed in vivo 
and not by non-sp^ific bacterial recombination of linear AAV genomes present 
in the Hirt DNA, a set of reconstitution experiments was perfonned by which the 
same number of rAAV particles used for infection experiments were spiked into 

20 Hela cell lysates prior to Hirt preparations. In these studies, background 
bacterial amplification of Hirt DNA spiked with linear rAAV genomes was 
negligible (Figure 3D) and of the few isolated colonics obtained from these 
controls, none had a predicted head-to-tail stricture as assessed by Southern blot 
restriction aizyme analysis (Figure 3E). Additionally, reconstitution 

25 experiments transforming bacterial with linearized dsDNA AAV genomes did 
not give rise to significant levels of rq>lication conxpetent plasmids or the ; ' 
characteristic head4o4ail structure associated with AAV circular intermediates. 
These finding confirm that circular intermediates do not likely arise from / 
non-specific recombinaticm or figation events witih either ssDNA or dsDNA 

30 Imear AAV genomes in bacteria. Additional control experiments, dgmonstrating . 
the lack of stufifer hybridizing sequences in AAV circu^ 
Southem blotting, also confinn tiiat these structures do not arise fr 
contamination of viral stocks with pCisAV.GFPSori plasmid 



The fnmiatinn nf head>tf v tai1 circular AAV mtCTTtiediateS IS ailCTTIfinted bV 

supermfectioTi with Fl -deiletftd adenovirus. 

Many aspects of the wtAAV growth cycle are affected by helper 
adenoviius, including AAV DNA replication, transcription, splicing, translation, 

5 and virion assembly. Such studies have provided concrete evidence that a subset 
of Ad eari^y geae products provide helper functions for the wtAAV lytic cycle, 
including: El a, Elb, E2a, E4 ORF6 and VAl RNA (Muzyczka, 1992). In this 
regard, one of flie most critical factors which is required for AAV repKcation is 
the 34 kD E4 protein (ORF6). Recent observations on &e helper function of Ad 

10 in rAAV transduction have also demonstrated that Ad E4 0RF6 is essenidal for 
the augmentatioh of lAAV transgene expression seen with adenovirus 
co-infection (Ferrari et al., 1996; Fisher et al., 1996). According to these reports, 
the late-Iimiting stq) enhanced by these admoviral proteins is flie conversion of 
single stranded AAV genomes to double stranded forrns. 

15 Studies evaliiating the kinetics of rAAV circular interaiediate formal 

demonstrated a time-dq>endent increase in abundance which p^ed at 24 hours 
post-infection in Hela cells and coincided with the onset of GFP transgene 
expression (Figure 3). To better understand the cellular mechanisms associated 
with AAV circular intermediate formation, the effects of adenoviral co-infection 

20 on this process were evaluated. The extent of transgene expression and circular 
intermediate formation in AV.CjFP3ori infected Hela cells with or without 
co-infection with El-deleted recombinant adenovirus was compared. 

Although El-deleted adenoviruses are severely handicapped in their 
abihly to synthesize viral gene products, at high MOIs of >5000 significant E2a 

25 prbteinexpression was noted (Figure 3 A). As an indicator of transgene 

expression, the abundance and average relative intensity of GFP positive cells 
was di^ermined against mock infected controls by fluor^ent mioDScopy 
(Figure 3B) and FACS analyas (Figure 3C) at 72 hours post-infecti<HL In accord 
with previous reports demonstrating augmmtation m rAAV transgene expression 

30 by adenovinis(FOTariet.al., 1996; Fisher etal.,1996X^^ 

transgene expression was dramatically increased at doses of adenovirus ^ch 
led to viial gcM expression (MOI>5000; Figures 3 A-C). Additionally, 
pqsistence of rAAV transgene expression was also augmented by co-infection 
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with El-deleted adenovinis, as determined by GFP-expressing colony fonnation 
following serial passages (Figure 3C). 

If circular intennediates represent a molecular fonn of rAAV import 
for e£Scient and/or persistent transgene expression, augmatation of rAAV 
5 transgene expression by adenovirus might also modulate circular intermediate 
fonnation. In these studies, the abundance and time course o£AAV circular 
intermediate formation was evaluated following superinfection with . 
Ad^CMVLacZ. Results from these experiments are ^own in Figure 3D^ which 
represents the total number of bacterial colonies (per 35 mm plate) obtained 

10 following transformation of £.co/z with HirtDNAisokted fit^ 

infected with AV.GFP3ori (1000 DNA particles/cell) with or without 
co-infection with AdCMVlacZ (5,000 particles/cell). An MOI of 5000 Ad 
particIes/ceU was chosen for these experiments since this level of adenovirus led 
to mimmal cytopathic effect (CPE) with high levels of E2a expression: : 

15 . These studies demonstrated a nearly 2-fold augmentation by 

Ad.CMVLacZ in the total abundance of AAV rescued plasmid intermediates in 
E, coli (Figure 3D). Southern blot restriction enzyme analysis demonstrated that 
the predominant forms in both the presence and absence of adenovirus were 
head-to-tail monomer circular intermediates containing the diagnostic 300 bp 

20 ITR fragment following SphI digestion (Figure 3E). Additionally, results 
demonstrated that adenovirus co-infection led to an earlier time of onset and 
increased stability of AAV head-to-tail monomer circular intermediates (Figures 
3EandF). For example, at 6 hours post-infection, head-to-tail circular 
intermediates were orJy present in Hela cells co-infected with adenovirus, 

25 FurthCTiore, a decline in the percentage of head-to-tail ciicidarinte^ 

clones was sera at 48-72 hours post-AAV infection m the absence of adenoyinis. 
In contrast, this declme was significantly blunted by the presence of helper i . 
adoipvinis (Figure 3F). Based on these findings, it was conchided ttet certain 
adenoviral proteins produced by superinfection with £I-deleted adeiiovirus were 

30 capable ofmodulating circular intennediates formation and stabiUty 
lAAV transductiorL ;. 
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. niscHSsinn 

In the present stady, it was sh(wra that circularizalion of linear AAV 
genomes occurs during rAAV transduction. Circuhmzation appears to 
predominately occur as hcad.to-tail monomer genomes. However, the existence 

5 of less abundant dicularmultimer forms suggests that recombinational events 
subsequent to the initial infection may drive concatamerization^f circular 
genomes. The diversity in Ae length of HR arrays found within chcular 
intermediates (i.e., 1-3 ITRs) also supports the notion that these forms may be 
highly recombinagenic. Of mechanistic interest in the formation of circular 

10 intermediates is the uniformity ofmutations observed in the D-sequences and 
nearby p5 promoter region and the confinement of these mutations to the 
5'-ITRs. Although the etiology ofthese base pair changes is unknown, their 
uniformity suggests that they may have a direct role in the formation of circular 
intermediates and in increased stability. Recmt finding^ whidi suggest that an 

15 endogenous host single strand D-sequence binding protan is important in rAAV 
transduction, lend support to the potential involvement of this sequence in 

circular intermediate formation (Wang et al., 1997; Qing et aL, 1998). 
Furthermore, it remains to be detCTinined whether the tn vivo formation of AAV 
circular mtermediates occurs through the circularization of single or double 

20 stranded AAV genomes. 

By analogy, retroviral transduction intamediates have, striking 

similarities to the current findings with AAV. Three DNA forms have been 
isolated foUowing retroviral mfection, including linear DNA with long terminal 
repeats (LTRs) at both ends, circular DNA with one LTR, and circular DNA 

25 with multiple LTRs (Pahgamban, 1985). Although it is disputed which ofthese 
forms are the direct precursor to mtegration, the existence of circular retroviral 
genon^es which also have similar repeat regicms at the ends of their genomes 
suggests the potential for common mechairiaais witti flie formatiMi of AAV 
circular inteime^es. These AAV circular intermediates could act as 

30 integration precursors and/(Mr stable q>isonialg«MMnes. 

The h«ul-to-tail rm stnKrtures found in AAV circular mtermediates 

most characteristic of latent integrated AAV genomes. In contrast, lytic phases 
of AAV growth are typically associated with head-to-head and tail-to-tail 
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replication fonn genomes. Hence, it is likely that circular intermediates represoat 
a latent aspect of the AAV life cycle. The finding that co-infection with 
adenovinis leads to increased abundance and stability of AAV circular ^ ^ ^. 
intermediates suggests a novel link between adenoviral helper functions and 
5 latent infection of AAV. 

Aspects of inverted head-tOKtail ITRs, which include palindromic 
hairpins similar in stmcture to "'HolUday-like" junction^ 
reconibinagenic activity which aids in viral integration. Such Holliday junctions 
have been shown to play critical roles in directing homologous recombiriation m 

10 bacteria through the processing of recombination intennediates by RuvA^ 
proteins(West, 1997; Lee eta!,, 1998). Interestingly, a mammalian 
endonuclease^ analogous to bacterial RuvC resolvase, has also been isolated 
fit>m cell lines (Hyde et al., 1 994). Despite the theoretical considerations which 
might suggest that circular AAV genomes have characteristics of preintegration 

1 5 intermediates^ a study with recombinant retrovirus has demonstrated that 
palindromic LTR-LTR junctions of MMLV are not efficient substrates for 
proviral integration (Lobel et al., 1989). Nonetheless, chrular AAV genomes 
have been previously proposed as integration intermediates based on proviral 
structure (Linden et al., 1996). 

20 Example 2 

Methods 

Production of rAAV Sh uttle Vector 

The cw-acting plasmid (pCisAV.GFP3ori) used for rAAV production 
was generated by subcloning (he Bspl201/Not I fragmait (743 bp) of the GFP 

25 transgene fiom pEGFP-1 (Qoiitech) between the CMV enhancer^nomoter and 
SV40polyA by blunt-end ligation. A2^Jd> cassette containing betarlactamase 
and bacterial rephcation origin fixnn pUC19 was blunt ligated down--stream of 
GFf reporter cassette. The ITR elements were d^ved fit>m pSub201 .2 The 
entire plasmid contains a 4 J kb. AAV component flatiked by a 2 kb stuiSer 

30 sequmce. Theintegrity of ITR sequences was confirmed by . restriction an^ 
with Smal and PvuII, and by direct $equmcing using a modified di-deoxy 
procedure which allowed for complete sequence through both 5' and 3' ITRs. 
Recombinant AAV stocks were generated by co-transfection of 
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pCisAV GFPSori and pRep/Cap together with co-infection of recombinant 
AACMVlacZ in 293 cells. The rAV.GFP3ori vims was subseiquently purified 
through 3 rounds of CsCl banding as described in Duan et al., 1 997. The typical 
yields from this viral preparation were 1012 DNA molecules/ml. 

5 DNA titers w»e determined by viial DNA slot blot hybridization against 

GFP^^-labeled probe wiA copy numb^plasmid standards. Thei absence of 
helper adenovirus was cohfiimed by histochemical staining of rAAV infecited 
. 293 cells for beta^galactosidase, and no recombinant adenovirus was found in 
10'** particles of purified rAAV stocks. The absence of significant wtAAV 

10 contamination was cbnfirmed by immunocytocbemical staining of rAAV/Ad 
co-infected 293 cells with anti-Rq) antibodies. Transfection with pRep/Cap was 
used to confirm the specificity of immiiikwytochanical staining. No 
immunoreactive Rep staining was observed in 293 cells infected wifli 10'® rAAV 
particles. 

15 Tsnlariftn nf A AV Tirnilar Intermediates Frnm Musclc, 

The tibialis anterior muscle of 4-5 week old C57BL/6 naice were infected 
with AV.GFP3<Md (3 X 10'** particles) in Hepes bufiFored saline (30 ^l). GFP 
expression was analyzed by direct immunofluorescence of fieshly excised tissues 
and/or in formalin-fixed cryopreserved tissue sections in four independently 

20 mjected muscles harvested at 0, 5, 1 0, 16, 22 and 80 days post-infection. Tissue 
sections were counter-stained with propidium iodide to identify nuclear DNA. 
Hirt DNA (HiiU 1967) (20 ml per muscle sample) was isolated fix>m at least 
three independent muscle specimen for eadb time point and used to transform E. 
coll SURE cells using 3 ml of Hirt with 40 ml of electrocorapetent bacterial 

25 (qiproximately 1 x lO^ cfiiAig DNA, Strategene Inc.). The resultant total number 
of bacterial colonies was quantified for eadi time point and the abundance of 
head-to-tail circular intermediate was evaluated for each tmie point (> 20 
bactmal clones ansdyze^^ 

confinned by Southern blot analysis using ITEt, GFP and stuffer probes. The 
30 head*tb-tail cbiifiguration in typical clones were also c6iifirmed by dideoxy 

sequencing using primers ELI 18 (5'-CGGGGGTCGlTGGGCGGTCA-3'; SEQ 
ID N0:1) and EL230 (5'-GGGCGCjAGCCTATGGAAAA-3'; SEQ ID NO:2) 
wlpch are nested to 5' and 3' ITR sequences, respectively- Zero hour controls 
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were genei^ed by mixing 3 x 10*^ particles of AV.GFPSori with control 
uninfected muscle lysates prior to Hirt DNA preparation. As descnbed in Table 
. I , a number of additional controls for were perfonned to rule out non-specific 
recombination of linear AAV graomes m bacteria as a source for isolated 
5. circular intermediates/ . 



Table 1 . Control Experiments for Rescue of Circular toteroiediates in Bacteria 



in 


Type of I]:q>ut 


Source of DNA 


Number of 
Molecules 


Number of 
Amp Resistant 
Bacterial 
Colonies 


Presence of 
Head-to-Tail 

Circular 
Intermediates' 




Purified rAVy 


Hirt torn Infected 
Muscle (22 day) 


3x10'" . 


proximately 
5x10^ 


Yes 




Purified rAAV 


Virus 
reconstituted into 
Uninfected 
Muscle Hirf 


3 X 10" 


0 


No 


15 


Linear ssDNA 
Encompassing 
rAAV 
Genoine^ 


Isolated finom 
Purified Virus 


3x10"* 


2 


No 


20 


Linear dsDNA 

Encompassing 
Entire rAAV 
Genome 


Isolated fiT>m 
prpviral plasmid 
(Hmdm/PvuII)' 


3xlO'» 


3 


No 


25 


Linear dsDNA 
Encompassing 
Entire rAAV 
. Genome 
+ ligase** 


Isolated fi-om 
proviral plasmid 
(Hmdm/PvuII) 

■ 


3x10'" 


>6xl0? 


Yes 



• Purified virus was reconstituted into muscle homogenates prior to 
of Hirt DNA. 



30 ^ Viral DNA predominantly contained sin^e stranded genomes as evident by 
Southern blot analysis a^inst with ITR probe. However, small amount of 
dsDNA AAV gaiomes also existed and are likely due to reannealing of single 
stranded genomes during preparation. Purified viral DNA concentrations were 
determined by OD^go and 75 ng representing ^proximately 3 x 10**^ viral. 

35 genomes were used for transformation of bacteria 

" Hindm/Pvun digestion was used to remove the entire rAAV genome &om 
pcisAV.GFP3ori. Hindm and PvuII leave 10 and 0 bps of flanking sequence 
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outside the 5' and 3' ITOs, respectively. The linear dsDNA ftagment (4.7 kb) 
was gel isolated following bhmting with T4 DNA polymerase and the DNA 

concentration determmed by ODj«^ One hundred and fifty ng of linear fragment 
representing ^jpioidmately 3 x 10'« viral genomes were used for transformation 
5 ofbactraia. 

" Linear dsDNA viral genomes (HindlH/Pvuri blunted fragment) were treated 
with T4 DNA ligase prior to transformation of bactada. ^ 

10 * The presence of head-to-tail circular AAV intermediates were confirmed by 
restriction enzyme digestion (Asel, PstI, and Spbl) and Southern blotting against 
ITR probe. 

Praftrinnatioii »f Tntigrift Htrt DNA nrf!n?iTationa. 
15 Prq)aiativ©^scalefiactionation ofthe muscle Hirt DNA was performed 

by 1% agarose gel electrophoresis using the Bio-Rad Mini Prep Cell (Calialog 
#170-2908). A 4.5 ml (10.5 cm) tubular gd containing 1 x TBE buffer was 
poured according to mannfectnrer'sq>ecification, A total of20mI HiTt 
preparation from one oitire muscle sanqjle was loaded aa top of the gel. 
20 Electrophoresis was carried out at a constant current oflO mA ovw. a paiod of 
5 hours. Sample eluent was drawn fi?om 4e pxpaa^^ gel ^jparatos by a 
peristaltic purnp at a rate of 100 inl/mm and ehited into a fractioix collector at 

250 ml/fraction. The collected DNA was subsequentiy concentrated by standard 
e&anol precipitation and used to tranrfonn SURE bacterial cells by 
25 electroporation as described above: 

fa w/r/> Perstsrwirft of AA V Tminlar Intermediates. 

Transgene expression and petasteiK« of AAV cihajlar intermediate 

plasmid clones were evaluated following transient transfection iii Hda and 293 
cells. Subconfluent monolayers of Hela cells m 24-weU <Kshes were ttansfected 

30 with 0.5 mg of either AAV circular intermediates (p81 or p87) or pCMVGFP 
using Lipofectamine (Gibco BRL Inc.). The cultures were then inciibated for 5 
hours in serum free DMEM followed by inwibation in mXEM supplemented 
with 10% fetal bovine senim. All plaanid DNA samples used for transfeclions 
wd« spiked witfi pRSVlacZ (ds mg) as an internal control 

35 efficiency. At 48 hours post-traiKfection, cells were passag^ at a 1:10 dihition 
and allowed to grow to confluency (day 5), at which time GFP clones were 
quaitified for size and abundance using direct fluorescait microscopy. The 
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percent of beta-galactosidase-expressing cells was also (quantified at this time 
point by X-gal staining. At 5 days, cells were passajged an additionad time (1:15 
dilution) GFP clones were quantified again at day 10. The persistence of 
plasmid DNA at passage-5, 7, and 10 days post-transfection was evaluated by 
5. Southern blot analysis oftotal cellular DNA using^^-IabeledGF^ 

deteraune whether the head-to-tail TTR array within circular intermediates was 
re^nsible for increases in the persistence of GFP esqxression^ the head-to-tail 
. ITR DNA element was subcloned into the pGL3 luciferase plasmid to generate 
pGL3(ITR). The head^to-taiil ITR DNA elem«t was isolated fiom a monom 

10 circular intemiediate0>81) by Aatn and Haell double digestion and 

subsequently inserted into the Sail site of pCSLS (Promega) by bhmt ligation. 
The resultant plasmid pGL3(ITR) contains the luciferase reporter and 
head-to-tail ITR elanent 3 ' to the polyA site. The integrity of the ITR DNA 
element within this plasmid was confirmed by sequencing. The persistence of 

1 5 transgene expression fiom pGL3(ITR) was compared to that of pGL3 by 
luciferase assays on transiently transfected Hela cells as described above and 
analyzed at 10 days (passage-2). Transfection efiSciencies were normalized 
using a dual rcnilla luciferase reporter vector (pKLSV46, Promega). 
Bruits 

20 AAV Cimibr Tntfirmediates Renre5;ent .Stable Fpi^omai F nrms nf Vtt^i r>MA 

AsSOCiatfld with T ^np-tenn Per5nf:tenne nf T ransgene. Fvprefisinn m Miicr^^ 

To evaluate the molecular characteristics of rAAV genomes in muscle» a 
rAAV shuttle viral vator (AV.GFPSori) was utilized which harbors an 
ampicilKn resistance gene, bacterial origin of r^Iication, and GFP reporter gene 

25 O^igure lAX This recombinant virus was used to evaluate the presence of 

circular intermediates by bacterial rescue of replication competent plasinids. tn 
these studies, delivery of AV.GFP3oii (3 x 1010 particles) to the tibialis muscle 
of nuce led tip GFP t^ which peaked at 22 days and remained 

stable for at least 80 days (Fig^ 4A). Th 

30 smx^sses in rAAV mediated gene transfer to mu^^ 
Heraog et d., 1997; Xiao et d^^^ 

The formation of circular intemiediates was evaluated by E. colt transformatian 
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ofHirt DNA harvested fit>m muscle at 0,5, 10, 16, 22, and 80 days ■ 
post-infiM^on with AV.GFP3ori. 

In these muscle samples, circular intermediates were found to have a 
characteristic head-to-tail structure with 1-2 ITR repeats. The most abundant 
5 form included two inverted ITRs within a circularized genome (Figure 4B, clone 
pl7): This figure also depicts a less frequent form (< 5%) of cimilar 
intermediates observed, p439, with undfitemmiedstnictur^ When this type of 
replication coirq>etent plasmid was seen, it was not included in the 
quantification of head-to-tail circular iirtermediates since its structure could not 
10 be conclusively detennined Tlic total abundance of muscle Hirt derived 
head-to-tail circular intermediates (with 1-2 ITRs) demonstrated a 
time-dependent increase that peaked with transgene exiH«siott at 22 days and 
slightly decreased by day 80 (Figure 5A). Increased diversity in the Imgfh of 
ITR anays within circular intamediates was seen at longer t^ For 
1 5 example, Figure 5B demonsttates several isolated circular intennediates wifli 1-3 
FTRs isolated from 80 days muscle Hirt samples. This is in contrast to the more 
uniforai stmcture of circular intermediates with two ITRs m a head-to-tail 
conformation at 5-22 days post-infection. 

To evaluate the potential for artifactual rescue of linear rAAV gisnomes 
20 by recombination in bacteria, several control experiments were performed Fust, 
uninfected control muscle Hirt preparations, spiked with an equal amount of 
rAAV virus used for in vivo infection of muscles, failed to give rise to 
replicating plasmids following transformation of Kcoli. Second, when a blunted 
linear double stranded Hindlll/PvuII fi-agment isolated from pcisAV.GFPSori 
25 (enconqjassing the entire rAAV genome) was used to transform bacteria, no 
ampicillin resistant bacterial colonies were obtained. The addition of T4 ligase 
to this fragment, however, led to significant numbers of bacterial colonies. 
Third, when purified smgle siranded rAAV DNA was used for tr^ 
no bactmal colorues were obtained As sum^^ 
30 confirm that in the absence of productive infecti6ii,r>^ 

are incapable of recombining into replication competent plasmids in bacteria. 
Hence, in wvo circularization of rAAV genomes is aprereq^^ 
autonomously repKcating plasmids in jf. co/i wi A this shut^ 
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Molecular Wripht of rilTTllOT intermedials giigpi^ a rnnversion fmm mnr^nry^ 
to multiTrter forms ovct Hm^ 

Tq further charactoize the circular intermediates isolated fixmi muscles, 
. Hirt samples from 22 days and 80 days post-infected muscles were size 
5 fractionated by continuous-flow gel electrophoresis (BioRad). As shown m 
Figure 6 , the majority of circular mtenoiediates at 22 days post-mfection size 
fractionated al a molecular weight ofless than 3 Kbp. Very few clones were 
isolated from fractions between 3 to 5 kb and no clones were obtained from 
fractions largCT tiiian 5 kb at this time point Furthem 
10 molecular weight of /« vivo Hirt derived circular intermediates at 22 day time 
points correlated with that of head-to-tail monomer un^^ 
intermediate plasmids rescued in bacteria from this same time point 
(^proximately 2.5 kb). These data suggest that at early time points 
post-infection in muscle, the predominant form of circular intermediates likely 

1 5 occurs as monomer gaiomes. The lower mobihty of this fraction as compared to 
replication form monomo- (RfiQi==4.7 kb) and dimer (Rfd=^.4 kb) genomes 
provides indirect evidence that these forms are not responsible for rescued 
plasmids in these Hirt samples. Interestingly, when 80 day muscle Hirt samples 
were size fractionated, more clones were retrieved from higher molecular weight 

20 fractions ranging from 3-12 kb (Figure 6). This shift in the molecular weight of 
circular intermediates indicates the potential for reccnnbination between 
monomer forms in the generation of large circular multimer genomes. Such 
concatamerizatidn has been previously observed in muscle and has tradiiioiially 
been hypothesized to involve linear integrated forms of the AAV genome 

25 (HerzogetaL,1997;3qaoetaI.,19%^ 

This data sheds new light on the molecular characteristics of these persistrat 
AA V genomes and suggests that they are in feet circular and q>isomaL Based on 
yields of retrievable circular plasn^ds reconstituted hi Hirt DNA,' the effidency 
of bacterial transformation, and flie uutial izmoculum of virus, we estimate that 

30 approximately 1 in 400 viral DNA particles drcularizie following infectipn m 
muscle (Table 2), 
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Table 2. Yield of Circular Intennediate Isolation fiom Hirt DNA 



Bacterial 
Transfpimation 


Starting Number 
ofPlasmidor 
AAV Genomes 


Actual Number 
of Amp' cfii 


Adjusted Yield 


Hirt DNA fiom r AAV 
Infected Muscle* 


3x10^*^ molecules 


5 X 10^ cfii 




HirtDNA + 230ng- 
LacZPlasmid'^" 


3x10"*^ molecules 


2x10* cfii^ 


2xlO^C& 


230ngLacZPlasnud^ 


3 X 10*^ molecules 


2xl0*cfu 





The actual amount of Hirt used for transformation was 3/20 the »tire Hirt 
DNA. The nxunbers have beea adjusted to reflect viral innoculum and yields for 
the entire muscle. 

15 \ .: ■ • ' ■ ' ' ' 

^ Plasmid DNA was spiked into mock infected muscle homogenates prior to 
isolation of Hirt DNA. This reconstituted Hirt DNA was then used for 
transformation of bactma. 

20 ^ The actual microgram amounts ofplasmid used in reconstitutionexperimente 
was 10 ng. The numbers have been adjusted for comparison to normalize the 
numbCTofplasnudsg«omestothatus^inAAV«pOTments, Control LacZ 
plasmid was ^proximately 7000 bp with a molecular weigjit of 4,6 x 10* 
g/mole. 

25 

* The average of several experiments indicates an approximate 100-fold 
reduction in the number of cfii recovered from bacterial transformations with 
DNA isolated fiom Hirt extract spiked wifli plasmids as compared to 
transformation with an equivalent ainount of plasmid DNA alone* 

30 

* Adjusted yield indicate approximately 1 in 400 AAV genomes circularize in 
vivo. 

Given the fact that not all r AAV particles likely contain functional DNA 
35 molecules and intermediales may uitegrate, these calculations may rqpreseat an 
undoestimatioiL 

AAYISnailaLLaiamfidial^^ 
Based Vectors, 

40 Based on the finding that circular AAV intermediates were 

with long term persistence of transgene expression in muscle, rAAV circular 
head-to-tail ratermediates may be molecular structures of the AAV genome 
associated wife the latent life cycle and increased q)isomal stability. Several 
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aspects of fhc structure of AAV cnttilar intecinediates may account for tfadr , 
increased stability in vTvo: First, ciicidarization of AAV genomes znay cre^ a 
nuclease redstant conformation: Secondly, since the only 
contained witliin circular intermediates are the head*to-taiI ITR array, these 
5 sequences xrughtbiiid cellular factors capable of stabilizing ft 

vivo. Several studies have demonstrated increased persistence4^f trahsgene 
expression with plasmid DNA encoding Saral lTRs (Philip et aL, 1994; Vi^eg 
et al., 1995). The results desoibed above provide a functional explanation for 
the increased persistence through the association with circular intdmediate . 

10 iFoimation as part ofthe AAV life cycle. 

To more closely evaluate the persistence of AAV head-to-tail circular 
intermediates, several in vitro experiments were performed by transfecting these 
intennediates into Hela cells and assessing the stabiUty of plaism 
transgaie expression by GFP clonal ejcpansion- Results from Hela cell 

1 5 transfection experiments demonstrated that two inonomer he^-to-tail circular 
intermediates (p81 and p87) studied gave rise to a 10-fold higher number of five 
and ten day transgene-expressing clones, as compared to a coiitFol pGMVGFP 
plasmid lacking the ITR sequences (Figures 7A and B). Additionally, the size of 
GFP positive colonies at 5 days post-transfection was three-fold larger in Hela 

20 cells transfected with p8 1 and p87, as compared to the pCMVGFP control vector 
(Figures 7A and B). These studies suggest the AAV circular intermediates have 
increased stability of transgene expression and substantiate findings in muscle. 

To confirm the increased molecular persistence of head-tb-tail chncular 
intermediates following tnmsfection into Hela cells, total 

25 molecular weight) was isolated from cultures of pCMYGFP axidpSl transfected 
Hela cells at various passages post-transfectioh and analyzed by Southern 
blotting. Southern blots hybridized to ^^P^la]^ 
significantty hi^er level ofpSl plasmidDNAiat pass^e-7 as c^ 
control vector laddng the head-to^lail ITR s^ertt:e (Figure 7C).^ T^^ mz^ority 

30 pfdgnalinun(tige$tedDNAsanq)Ieswasassodatedwitha4^^^ 

migratiiig at the q>proxiinate size ofthe uncut monomer plasmids. Together 
with the fact that the majority of signal fitnn all cell cultures in Figure 7C 
disappeared by passage- 10, these data suggest that these plasmids predominantly 
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remained episomal. Thus, in both muscle and Hela cells, increased persistence 
of AAV circular intemediates is correlated with stable transgene expression.; 

TTR arrays are Tespnnsihle for increased persistgncg> 

To investigate whether the head-to-^il mi pNA ele^ 
5 reqjonsible for the increased pCTsistmce of circular intranediates, we cloned this 
DNA elemoit into a secondary luciferase vector (pGLi) to giyeii^e to 
pGL3(ITR). Transient transfectionexpaiments in Hela cells demonstrated a 
five-fold increase in the persistence of luciferase expression in seriallyipassaged 
culnires at 10 days in pGI^Cnil) as coxnpared to that of pGI^ 
10 (Figure 7D). These fmdings siq>port the hypo&esis that the head-to-tail 
DNA element contained within circular intamediates is responsible for 
mediating the increased persistence of transgene expression and suggest i 
mechanism by ^ch fliese molecular intermediates may confer stability to AAV 
genomes in vivo. Furthermore, increases in the stability of transgme expression 
1 5 conferred by this element appear to be primarily cxmtext ind^endent, since ftie 
head-to-tail ITR element was 3 ' to the luciferase gene in pGUCTTR) and 5' to 
the GFP transgCTie in AAV circular intermediates. 
Discussion 

Characterization of integrated pioviral stnictures in different ceU 
20 has demonstrated head-to-tail genomes as the predominant structural forms for 
both wild type and recombinant AAV (McLaughlin et al., 1988; Cheung et al;, 
1980; Duan et al„ 1997). This is in contrast to the head-to-head and tail-to-tail 
structures observed in AAV replication intermediates (Rfin and Rfd). Both R3&n 
and Rfd configvirations have also been demonstrated in rAAV infected cells and 
25 enhanced conversion of ssAAV genomes to double stranded Rfin and Rfd forms 
has been suggested as a mechanism for augmentation of rAAV transduction by 
adenovirus m cell lines (Ferrari et al^ 1996; Fisher et al,, 1996). However, it is 
plausible lhatthe medianisms responsible for the formation of Rfin and Rfd 
molecules are differoit from pathways which lead to long-term transgene 
30 expression. In siq>portpfWs hypothecs is a recent study e^ 

augmentaiion of rAAV transgene expression by admovirus in liver (Snyder et 
aL, 1 997). These studies have demonstrated fliat co-infectioii of the liver with 
adenovirus and rAAV enhances short term transgene e^qpressicm while long term 
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expression was no diflferent than rAAV alone. The exact mechaflism for the 
formation of head-to-tail circular intennediates is not clear^ however similar 
- structures have been demonstrated to act as pre-integration interaiediates for 
retrovirus (Varmus, 1982), In this regard, ciicularized retroviral genomes with 
5 one and two viral LTRs have been proposed In addition^ circuit pre*integration 
intermediates have also been sugjgested by recent studies on wtAAV integration 
(Linden et al., 1996b). The demonstration that cinnilar in 
rAAV infected muscle explains several features of latOTt phase 
rAAV vectors including pioviral structure and stable q>isomal persistoice. 

10 Ptevious studies have suggested that rAAV genomes delivered to mu^^ 

mi^t persist as head-to-tail concatamers (Herzog et al., 1997; Clark et aL^ 1997; 
Fisher et al^ 1997). However, it is currently unknown whether these 
concatamers exist as fi^ q)isomes or as integrated proviruses i^ 
genome. The resdts described above, i.e:, demonstrating prolonged persistence 

15 of head-to-tail circular nitennediates at 80 days post-infection, suggest that a 
large percentage of rAAV genomes may remain episomaL The conversion of 
monomer circularized genomes to larger circularized multimers appears to be an 
aspect associated with long tOTn persistence and likely represents 
recombinational events between monomer intennediates. Although the bacterial 

20 rescuestrategy was not capable of satisfactorily addressing the size of multimeis, 
our modijSed approach to size fractionating Hirt DNA prior to bacterial rescue of 
intennediates lends support to this hypothesis. Additional supportive evidence 
for increased recombination over time is the finding that greater variability in the 
length of ITR arrays was observed at longer time points post-infection. For 

25 ^cample, at 5-22 days the majority of circular intermediates contained 2 lERs in 
a head-to-tail fashion- This is in contrast to 80 day time pointe where the lengths 
of ITR anays ranges from 1-3 ITRs. Such diversity of ITR arrays in muscle 
iiifected with AAV has been previously found using^ PGR 
aL, 1997;Fishar etaL, 1997). In addition, the 30% decliiie in the abundm 

30 circular intermediates in muscle betwem 22 and 80 days also supports a 

hypothesis that tfiese molecular fonns of AAV may rq)reseht pre-integrat^ 
complexes/ • • . ^ . 
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Given the feet that cimilar intennediates had to^ 
muscle, certain stmctural features of these inte^ 

stability of DNA- Previous studies have noted increased persistence of transgene 
e3q>r^on ftom plasmids eajcoding AAV ITRs (Philip et al., 1994; Vieweg et 

5 al., 1995). HowevCT, the physiologic significance of this findmg has remained 
elusive. The present study, denK)nstrating the head-to-tail rni 
from AAV circular intennediates can confer increased episomal persistence to 
plasmids following transfection in cell lines, gives a mechanistic fiameworic for 
ITR effects on plasmid persistence. Furthermore, flie correlation ftat AAV 

1 0 circular inteimediates have increased persistence m cell lines in vitro^ lends 
support to the hypothesis that these structures rq}resent stable episomal forms 
following rAAV transduction in muscle. Stability of circular intermediates in 
WvQ might be mediated by &e bnlding of cellular factors to "Hol^^ 
junctions in ITR arr^ which stabilize or protect DNA firom degradation. 

15 rAAV has been shown to be an efBdent vector for expressing transgm 

in various tissues in addition to muscle, such as brain, retina, liver, lung, and 
hematopoetic cells (Snyder et aL, 1997; Muzyczka, 1992; Kaplitt et at, 1994; 
Walsh et al., 1994; Halbert et aL, 1997; Koeberl et al., 1997; Conrad et al., 1996; 
Bamett et at, 1997; Flaimery et al., 1997), De^ite th^e advances in the 

20 £q)plication of rAAV, the mechanisms of in vivo rAAV-mediated trai^uction 
and persistence of transgene expression still remain unclear. Such questions as 
to the molecular state of rAAV following m vivo delivery is highly relevant to 
the clinical qjplication of this viral vector. For example, should rAAV primarily 
persist as an raiulomly integrated pro\irus, the potential for insertional 

25 mutagenesis could present a m^or theoretical ob^acle in the use of this vector 
due to die potential for mutational oncogenesis. The demonstration that rAAV 
can persist as qnsomes suggest that random integration and aissociated risks of 
malig nanc y not he aiiiafOT concern for this viral vector syistcm. 
Additionally, the molecular detenninants of AAV drbular intermediates 

30 associated wift increased persistence in ceU lines app^ 

the DNA elements encaiiq>assing the inverted FTRs* - The isolation of dus 
naturally occurring viral DNA. element, which forms as part of the AAV life 
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cycle and acts to Stabilize circiilar episoix^ 
. increasing the efficacy ofbothvii^ and hoii-viral gene A 

. KxampleS 

Evidence fnr Tncrreiafied Fpisomal Persifitmce nf A A V rimilar TntermeHiatgg a 
5 Model for in utern Plasmiri-Rflsed fiene Ther^y 

Persistence of AAV circular intennediates were assess^ by injeiction of 
plasnid DNA directly into the pronucleus of fotilized 
Twenty*five ng of the p81 isolate of AAV circular intermediates was injected at 
the single ceU stage of fe]tiIizedJf£RajW5 0ocy^ TMsplasmid was compared 
10 to the proviral plasmid pCisAV.GFP3oTi, which contains two URs separated by 
. stuffer.sequc»Qcemanalteriudveconfiimadpnto.I^^ Figure 13 depicts 

the p^sistence of GFP plasmids as assessed by direct fluorescence of GFP« At 
this state of tadpole development^ the fertilized oocyte has expanded from a 
single cell to appnjximately 10^ oells. 
1 5 These studies confirm that AAV circular interaiediates (p8 1) confer a 

higher level of stabiUty in development Acno/Twy oocytes than plasm^ 
containing similar transcriptional elements and ITR sequences in an alt^iative 
confiimation. Given that in the case of p81 injected oocytes, tadpoles are 
completely fluorescent, the data suggests that some level of integration may have 
20 occurred v 

Example 4 

Liposome Mediated Transfer nf Vectors nf the Invention to the Airway and 

Studies evaluating the mechanisms of recombinant adeno-associated 
25 virus (AAV) transduction have identified a novel molecular intermediate 
req>onsible for episomal p^istence. This intermediate is characterized by a 
. circularized AAV genome with head-to-tail ITR repeats. Circular intermediates 
of rAAV were idratified using a recpm^ 

propagating circulaiized viral glomes in bacteria. Pivotal esqperimei^ in cell 
. 30 lines demonstrate that tfie formation and persistence of these circular : 

intCTnediateis are augmented in the presence of helpor adenovirus. These ■ ■ 
findings suggest that cellular &ctors induced by adenoviral gene expression may 
modulate botii the formation and/or persistence of AAV circular intomediates. 

59 



PCr/US99/11197- 



Fuzthermore, studies in muscle have danoBstrated that following rAAV 
infection, the formation and persistence of AAV circular intermediates correlates 
with the onset and maintenance (at 80 days) of transgene expression, 
ieg)ectively. Moreover, a 300 bp fragment encompassing the head-to-tail 
5 inverted ITR rq>eats found in AAV circular interaiediates when cloned into 
heterologous expression plasmids can confer increased stability-to those 
plasmids in HeLa cells. The structural aspects of AAV circular iiitennediates 
may lead to development of non-viral, plasmid based, gene transfer Vectors with 
inoeased persistence of transgene e3q)res5ion. 

10 To deteniime whether AAV circular inteimediateswWch differ in 1^ 

and/or sequence of the TIR arrary are more efficacious plasmid based vectors for 
liposome-mediated gene transfer to the airway and muscle, several distinct forms 
of AAV circular intermediates are evahiated as plasmid-based delivery ^tems 
in three model systrais of the airway including: 1) in vitro polarized primary 

1 5 airway epithelial monolayers, 2) mouse lung, and 3) human bronchia! 

xenografts. Persistence is evaluated at both the level of transgene expression 
(using GFP and luciferase rq)orters) and at the level of episomal and integrated 
transgene derived DNA. Studies are performed to assess whether integration can 
be specifically enhanced by co-transfection with Rq> DNA or mRNA. These 

20 studies also evaluateljoth the extent of integration and site specificity to AVSl 
sites in chromosome 19 of human model systems. 

Gene therapy using plasmid-based delivery systems have encountered 

several obstacles to efficient transgene expression. These obstacles include 
transient expression of transgenes and r^id degradation of DNA. In contrast, 
25 viruses have developed efficient mechanisms for transducing cells and 

expressing mcoded viral goies. The molecular characteristics of AAV circular 
intemiediates which confer increased persistraice of transgene expression include 
a DNA element enomiE^ssing the head-^ 

circular intermediates have incrieased episonud persistence in muscle following 
30 rAAV transduction, these structures.may also have increased p^stoice as 
plasmidrbased vehicles to the airiyay. Interestingly^ sevml naturally occurring 
mutations which are found in approximately 50% of AAV circular intennediates 
affect die stability of the intermediate. 
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. Several findings evaluating the efficiency 
fonnation fix>m recombinant viral vectors havb sugg^^ 
are augmented in abundance by the presence of the E2a adenoviral gene product 
These molecular structures nmy represent preinte 
S . the case of wild-type AAV, would efficiently integrate into the cellular genome 
by Rq> facilitated mechanisms. However, in the case of recombinant AAV 
genomes (in the absence of Rep proteins), evidence suggests that these structures 
haye increased episomal stability. To test whether exogenous addition of Rep 
and/or E2a can increase the efficacy of AAV circular intennediatte 

10 modulating their stability aiid/or integration, co-transfection methods with Rep 
encoding plasmids and mRNA are conducted. Additionally, exbgeindusly 
siq>piied E2a DNA bindmg protein (DBF) nuy also enhance stability of AAV 
circular interxnediates. Rep may increase the integration of circular 
iMeiinediates while E2a may indieasethdrq)isQmalsta^ Several 

15 observations including the associiation of E2a DBF wifli AAV genomes in the 
nucleus support a direct interaction between DBF and AAV circular 
intermediates. Furthermore, if DBF associates with AAV circular intermediates, 
its encoded nuclear localization sequence (NLS) may enhance nuclear 
sequestration of these plasmids in the nucleus. Alternatively, E2a may act to 

20 alter the persistence of AAV circular intermediates through the induction of 
cellular factors which interact with the ITR array. 

Liposome mediated gene transfer to the airway has considerable 
advantages due to the low level of toxicity . However, limitations include 
transient low level ei^ression in differentiated airway epithelia. Despite this 

25 qiparent limitation, several laboratories have had considerable success with the 
use of cationic liposome-mediated gene transfer in several aiiimal models 
including mouse and rat lung, and numerous la^ 

trials, which suggested that these vehicles may show promise for gene therapy of 
the cystic fibn>sis (CF) lung. Thus, deliv^ of the priesi^ 
30 form via liposomes may be a safe ahd efifective vehicle for gene transfeirlo the 
airw^: - 

. To assess whether AAV circular intennediaites may also have increased 
persistence in airway epithelial cells as seen in Hela cells, several distinct forms 
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of circular intermediates delivered by lippsome-mediated transfection into 
primary airway epithelial cells, are evaluated. Based on the diversi^ of ETR 
repeat elements between various isolated circular intranediates (i.e., inctoding 0, 
1,2, and 3 URs), circular intermediates isolated from later time points in muscle 

5 may have been naturally selected for increased stability in vivo. Hence, the 

structural consistencies between AAV circular intermediates areidentified which 
give increased persistence as plasmid based vectors for goie transfer. 

Cinnilar intetmediates containing file GFP reporter gene and 
ITRs are transfected into primary airway cultures and pol^^ 

10 monolayers using the cationic lipid GL-67 (Gemcyme Inc.). DNA to lipid ratios 
are optimized using a iuciferase reporter. Additionally, the addition of EGTA, or 
the use of calcium-free media, can increase the extoit of geno transfer about 10- 
fold, and may be included to enhance gene traiisfer to polarized qnthelial 
monolayers. To evaluate persistence and expression of transgenes from cncular 

IS hnermediates, direct fluorescent microscopy and Soudimiblottm 

and genome DNA with GFPP^-labeled probes are utiHzed. Proliferating 
cultures of priniary airway q)itheHal cells can be passaged iq) to 4 times dming 
this analysis. In contrast, polarized q>itfaefial monolayers axe evaluated at 1 
week intervals for DNA persistence for up to 6 weeks. Since GFP transgene 

20 expression may be low and difBcult to detect by direct fluorescence, GFP is 
quantitated by fluorometer of cell lysates. 

Following AAV transduction, circular intermediates may form within 
cells and certain structures of these intermediates may persist by virtue of 
affinity for cellular factors which bind at JJR arrays. If this is true, then it inay 

25 be possible to select for and isolate optimal circular intermediates with increased 
persistence in airway cells by batch screening of circular intermediates pools 
from rAAV infected airway qjithelia. 

Primary airway epiflielia cell cultures are infected wiAAV. GFP3ori 
(MOIs of 1 000 to 1 0,000 DNA part/cell) and low molecular Hilt DJ^ 

30 prq)aredat 5-15 days post-infection, Hirt DNA containing circular 

intermediates from rAAV infected cells is used to thm transfect primary airway 
epitheUal cells from which Hirt DNA is prq>ared at 5-15 days post-transfectiorL 
This second Hirt isolation is then used to isolate rq)lication competent plasmids 

62 



PCT/US?9/n 



following transfonnation into bacteria. This selection process may give rise to 
those populations of circular intennediates with inCTCiased qsisomal persistence 
in airway epithelial cells. Selected clones of circular intermediate plasmids 
isolated by this procedure are then tested individually for increiased persistence 
5 following liposome mediated transfection. These studies are performed in a 
batch type soreening in 24 well plates using two serial passages for persistence. 
Once plasmids having iiioreased persistence are isolated, t^^ 
sequence of FTRarr^ are characterized. Since screening is performed on ' 
smallrscale cultures, it may be necessary to inoplement semi-quantitative 

10 screening for DNA persistence within the first round of transfection using PCR 
methods. Candidate plasmids with a high level of iiicreaLsed persistence as 
compared to cpntrol plasmids which lack ITR sequences but contain the identical 
promotef-rq)orter element, are evaluated on a larger scale transfection amenable 
to analysis by Southern blotting of total DNA. 

IS To evaluate selected circular intermediate structures in vivo^ two models 

including mouse lung and the human bronchial xenograft are employed. 1 0 wk 
BalbC mice are transfected with GL-67/DNA complexes at a ratio of 25 fig 
plasmid/25 \ig lipid in an iso-nosmotic solution of Dextrose. At 1, 5, 10, 15, and 
20 days post-transfection limgs of mice are harvested for immnnofluorescent 

20 detection of GFP in formalin fixed sections and for quantitative fluorometry of 
tissue lysates. Southern blots are employed to evaluate the persistence of 
plasmids in Hirt and genomic DNA. In addition to evaluating the pCTsistence of 
selected circular intermediates which have the hi^est level of persistence with 
in vitro models, luciferase constructs are evaluated in which the ITR array hSs 

25 been cloned dther 5' or 3' to the reporter gene. Furthemibre, the use of 

luciferase rq>6rters allows fdi more sensitive assessment of transgene activity in 

CelllySateS. _ 

, Similarly, i/f viVa persistence of t 
heterologous plasmids cdiitaining ITR arrays found within circular iritermibdiat^ 
30 is evaluated in human bronchiial xenografts. 

Fmdings evaluating the eSixts of adenoviral co-iitf^ 
intermediate foimaticm and persistence have suggested fliat £2a DBF leads to a 
1 0-fold increase in the abundance of circular intermediates as compared to E2 

63 



rci/usyy/iiiv? 



deleted virus. Furthamore, studies with El-deleted virus have demonstrated that 
the pCTsistmce of circular intermediates in Hela cells is increased at 72 hours 
post-infection. These studies suggest that E2a DBP may augment circular 
intOTiediate formation and/or increase the stability of these structures by an 
5 unknown mechanism. E2aDBPmay interact directly with circularized genomes 
and/or induce cellular factors which interact with sequences in these AAV 
genomes. Since DBP racodes an NLS, this protein may act to shuttle circular 
intennediates to regions of nucleus that allow for increased stability of these 
structures. 1^ sequences have beeii shown to cooperative^ 
1 0 nucleolar targeting sequences and hence we will also evaluate if subnuclear 

targftring iR impnTfant in Tpaintatniti g the increased Stability of Circular 

intemcdiate^ cbntaiiningl^ Furthermore, it is currently unknown 

where circular intermediates form in the cell and it remains plausible that ibey 
may form in the cytoplasm or nucleus. Hence> if DBP associates dkectlyT^th 
15 circular mteimediates, it rnay act as an NI^ for DNA to 
welL 

Several in vitro reconstitution models are used to investigate fbe 
interaction of circular iiitermediates with DBP and their affect on w 
persistence following DNA transfection in Hela cells. Furthermore, results 

20 evaluating the affects of various mutant adaioviial vectors on circular 

intermediate and Rfin/Rfd formation have suggested ttiat these.two types of 
intermediates occur by independent pathways indicative of latoit and lytic 
infection, respectively. In the setting of wild type AAV, circular intermediates 
niay be pre-integration complexes, which in the presence of Rep, efficiently 

25 integrate into the host genome. In contrast, in the absence of Rq[), circular 
intmnediates may accumulate q)isomaUy in rAAV infected cells. To tins eiid, 
methods of si^lemCTting Rep function may be capable of enhancing integration 
of plasmid basaeddeKvoy of AAV circular intennediates. 
whijph co-transfection of circular intomediate plasmids with e^qnession 

30 plasmids or mRNA sane cpiiducted 

To inv^gate whether DBP can augment the stabiUty of drcula^^ 
intermediates by increasing targetmg to the nucleus, a Hda cell line (gmDBP6) 
is utilized which encodes an inducible E2a gene under a dexamettiasone 
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responsible element This cell line gives rise to high levels of DBP in nuclear 
extracts by Westeni blot foUowing tre^mt wi A gmDBP6 
cells (+A DEX) are transfected with various AAV circular intermediate p^la^ds 
containing 0, 1 , 2, and 3 ITRs and tptal cellular and nuclear plasmid content 
evaluated by subcellular fractionation using Southern blotting against GFP 
probes. The time course of these studies is initially within the.range of 12 hours 
to 4 days post-transfection. Transgme expression is evaiuatied by fluoriDmetry 
(in cell lysates), and fluorescent microscopy (in viable cells), for GFP and 
luminescence for hiciferase. Hela cells have demonstrsfted that immediate ' 
increases in transgene expression fiom AAV GFP circular intermediates as 
compared to control GFP plasmids occur as eariy as 24 hoiirs post-transfection. 
Thus, certain cellular factors may facilitate an immediate accumulation of 
circular intermediates in the nucleus. DBP may invoke this increase by either 
direct interactions with ITR sequences or by the induction of cellular factors. To 
evaluate the potential for direct impactions between DBP and circular 
intermediates, various form of ITR arrays found within circular intermediates are 
end-labeled witfi y-ATP^^ and evaluated for binding by electrophoretic mobility 
shift assays to nuclear extracts from ginDBP6 cells (+/- DEX). Si5>ershifls, with 
DBP antibodies and competition experiments with cold ITR sequences and non- 
specific DNA, are used as controls for specific binding. 

In a second model systan aimed at evaluating the potential of DBP for 
shuttling and/or sequestering of circular intermediates to the nucleus, 
microinjection experiments in oocytes are p^ormed with 50 ng of plasinid 
DNA of circular intermediates with iand without 50 ng of DBP mRNA. . 
Experiments initially evaluate the time course of GFP traiisgene expression (+/- 
DBP cRNA) by direct fluorescent microscopy. If majordifferebces are seen, 
quantitative fluorometrypfindividual whole oocytes in 96 weUjplatesis^ . . \ 
conducted. Similar studies oh nuclear targetuig in the presence of DBP c^ also 
be evaluated in this model by pooling microinjected oocytes for nuclear isolation 
and Southern blot analysis. > ' \ , / 

A third ^q>erimental ihodel to evaluate nuclear targeting an^^ 
accumulation of circular intemiediate vectors in the presence and absent of : 
DBP involves the micit)injection of fluorescoitly labeled plasmid DNA into the 
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cytoplasm and real time imaging to follow the nuclear accumulation of DNA. 
The DNA fluoresc«it dye, TOTOl, is used to label DNA prior to injection. 
This dye forms an extremely stable complex with negligible difiiisioii and re- 
incorporation into nuclear DNA followiiig transfection into polarized airway 
5 epithelial cell monolayers. Co-localization of DBP with wtAAV DNA genomes 
at focal hot q)ots within the nucleus supports the observation that nucleolar 
targeting may be ingjortant for persistence. These experiments are also 
perfoimedl in primary airway q>ithelial cells and in vivo models of the airway by 
dther co-transfection of circular intmnediates wifli DBP expressing piasmids 

10 and/oruiRNA. 

The effects of Rq> co-transfection oil the integration of circular 

intermediate piasmids is also evaluated. Two methods are used to express Rep 

including: 1) co-transfection.with Rep expressing piasmids, and 2) co- 

transfection with Rep encoding mRNA, Initially, Helia, CFTl, and IB-3 cells are 

1 5 tested, as tcansfdrmed cells may be more amenable to expansion and evaluation 
of integraticni. Both CFTl and IB-3 cells represent airway q>iflielial cells* 
E3q>eriments arc perfi^ed by cationic liposome (GL-67) mediated transfection 
of circular intermediate DNA wifliyatying doses of a Rep-containing esqxression 
vector, e,g., pCMVRep. The extent ofintpgration is also evahiated by two 

20 criteria, Southem blotting of Hirt and genomic DNA and clonal expansion of 
GFP expressing cells. Since Southern blot has an q>pn>xnnate limit of 
sensitivity of 1 integrated plasmid molecule per 1 0 cellular genomes, clonal 
expansion may be necessary to evaluate persistence in less transfectable cells 
such as CFTl and IB-3 cells. Cell lines are evaluated over tiie course of MO • 

25 passage. 

Sustained expression of Rep by plasmid mediated co-transfection may We 
toxic to cells, hence co-transfection with Rep mRNA is also evaluated. Cationic 
liposom6.TnRNA mediated transfection has bem previously shown to work in 
cell lines and although the level of expression is much more transient than for 
30 DNA, in these studies it may be ah advantage. Initial studies are performed with 
inviiro transcribed Rq) mRNA alone to evahiate the jig amount of mRNA 
needed for Rep expression as detenninisd by Western blot Once tibte threshold 
for detectable Rep expression is established, increasing amounts of Rq[> mRNA 
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are co-transfected with circular interm 

described above to evaluate the extent of AAV circular intermediate integration. 
If findings suggest that increased integration if fedlitated by Rep, thesite ' • • : 
specificity of this integration can be evaluated by cloning GFP expressing celb 
S after the 10th passage by serial dilution. These GFP expressing clones are 
expanded and genomic Southern blots assessed with both GFEind AVSl 
specific probes; By evaluating a number of restriction razymes which ei&er do 
not cut or cut once within the circular intomediate plasmid, it will be determined 
whether integration has occurred at the AVSl loci. 

10 To test whether secondary structure rather than primary sequence is the 

inq>ortant detenninant of increased episomal stability of AAV circular 
intermediates, synthetic DNA sequences are generated with identical secotidairy 
structure to several ITR arrays in circular intermediates. The primary sequaicb 
is completely altered and bares no resemblance to sequences contained within 

15 native AAV ITRs; These synthetic DNA sequences are tested for their ability to 
confer increased episomal stabiUty to heterologous plasmids in several model 
systems inchiding: 1) the airway, 2) muscle, 3) and developing Aencipus 
embryos. The developing Xenopus embryo modei is ideal for testing integration 
and persistence of plasmid based vectors for application of in utero gene thonapy. 

20 If synthetic DNA sequences with similar secondary structure to ITRs are found 
to confer increased persistence to plasmid based vectors, then determinants for 
protein binding which facilitate persistence are independent of primary base 
sequence. These studies allow the optimization of the secondary structural 
requirements by synthesi2ang a wide range of DNA molecules with varying 

25 degrees of palindromic rq)eats. Furthermore, the secondary stnictuiie may not 
bind pn>teins directly but faciUtate recombination of plasmids to large 
concatamers which have ihcroased q>isomal StabiUty or enhanced 
efficiencies: \- 

30 Deliverv of Multiple Genes through Tntermnlftntilgir rnnriflitflmmratihn 

. Methr^5} " . 

Recnmhinant A AV vertnrg 
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, Two rAAV vector stocks were generated for use in these studies, 
AV.GFPSori (Example 1) and AVAlkphos (also known as CWRAPSP, a gift of 
Dusty Miller)(Halbert et al., 1997). Vims stocks were generated by co- 
transfection of 293 cells with eitha:pGisAV.GFP3ori or pCWRAPSP along with 
5 pRep/Cap, followed by co^infection with recombinant AdCMVIacZ helper virus 
(Example 2). rAAV was then purified thn)U|^diree rounds of CsCI density 
gradient cmtrifugation as previously described by Duan et al. (1997). Purified 
viral fractions v/cre heated at 60^C for 1 hour to inactive any re^dual 
contaminating helper adenovirus. Thie yields for AV.GFPBori and AV^AIkphos 

10 were 1 x 10'^ and 7x 10" partides permit respectively, as determmed by slot 
blot hybridization with ^P-Iabeled (3FP or Anq>hos probes. Lifectious titers 
determined by infection of 293 cells with rAAVs were 1.1 x lO' lU/ml 
(AV.GH*3ori)or8,6x 10*IU/ml(AVJUkphos). Conttols testmjg fiw 
contamination of rAAV stocks with wtAAV by antirRep immunocytochemical 

15 staining in rAAV/Ad.CMVlacZoo-infected 293 ceUswer^ 

sesisitivity is less than 1 infectious WtAAV particle per 1 0'^ DNA particles of 
rAAV). Sindiarly, histochemical staining for p-galactosidase in rAAV infected 
293 cells showed no detectable contamination with helper adenovirus in 10*^ 
DNA particles of rAAV (limit of smsitivity). 

20 Infection of muscle tiR<tiie and evaluatim? of transgene expression. 

The C57BL/6 mice used for these experiments were housed in a vims- 
free animal care facility and were maintained under strict University of Iowa and 
NIH guidelines, using a protocol 85>pro ved by the Animal C^e and Use 
Comminee and fiacility veterinarians. Four to five week old mice received 

25 bilateral 30 |il injections of a mixture of both AV GFP3ori and AVjMkphos into 
die tibialis anterior muiscle (5 x I ff DNA particles of each virus per muscle). 
Controls included uninjected muscles and muscles receiving injections of one of 
the viruses alone. At l4,35, 80;ar]dl20dayspost-in&ctidn,am^^ 
euthanized and tissues were luarve^ted for evahiatioh of transgene e}q>ressic»i and 

30 preparation of low molecular wd^ Hirt JDNA. For eadb expmmental time 
point, ai least 3 independently injected muscles were evaluated. 

In all experimrats, GFP fiuoresceiice was visualized in fi:eshly excised 
muscle tissue prior to processing. A portion of the same muscle was fixed with 
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2% paraformaldehyde in phosphate buffered saline, and cryoprotected in graded 
sucrose solutions before embedding in optimal cutting tenq)erature mediimi 
(OCT)i Sections (6 |xm) were then evaluated for GFP expression directly and 
Allq)hos expression followiug heat inactivation of endogenous Alkphos and 
S histochemical staining for Alkphos activity (&igelhardt et al., 1995). To confiim 
dual localization of GFP and ADqphos expression in the same^uscl^^ 
either serial sections were evaluated for GFP and Allq)hos expression or tiie 
same section was first photogr^hed for GFP expression followed by 
histochemical staining for Al]q)hos and re-unaging of the same field. . . 

10 Rescue of circular intmnediates from muscle Hirt DNA. 

Low molecular weight Hirt DNA was prepared ftoia 20 mg specimens of 
injected muscles firom 3 animals at eath time point (Example 2). Hirt DNA 
(4 ^1; 1/5 of the total volume) was dien used to transform 50 jU of 
electrocompetent SURE cells (Stratagene) using a BioRad £. coli electropQrater 

15 and 0.1 ^m cuvettes. Colonies resultmg fiom each bacterial transformation were 
quantified, and plasmids firom .20 colonies firom each muscle Hirt DNA san^le 
were purified for analysis. It should be noted that only circular forms canying 
the Amp resistance gene and the bacterial origin of replication fitjm AV»GFP3ori 
are rescued by bacterial transfoimation (Duan et al., 1998). Control experiments 

20 reconstituting 5x10'® viral DNA particles into iminfected muscle extracts prior 
to Hirt DNA preparation failed to give rise to rq)lication c6nq)etent plasmids in 
the rescue assay (Duan et al., 1998). Additional controls in Duan et al. (1998) 
using AV.GFP3ori virus also demonstrated that linear double stranded and single 
stranded purified viral DNA genomes do not give rise to rq)Iication competent 

25 plasmids following transformation into £ co//. 

ChiaractftriTatioTi nf enftoded genes in rescued circular intermedifttes: 

: Several assays were used to chaiacteriize the extent of intennolecular 
. . tebombinationbetweenindependent circular viral geoonies by evaluating Ifa^ 
. number mid type of encoded genes m rescued plasmids from Hirt DNA of 

30 muscles co-infected with Ay:GFP3ori and AV.Alk^ 

involved the bulk evaluation of 60 rescued plasnoids (20 fii^ 

muscle saiiq}les for each time point) by dot blot hybridization of mini-prq) DNA 

with EGFP, Alkphos, and Amp ^P-labeled DNA probes. In these studies. Amp 
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hybridization served as a control to show that there was a sufiBcient quantity of 
DNA for the analysis. The percentages of Allqphos and/or GFP hybridizing 
plasmids were calculated by this method for each muscle sample. From this 
percentage, the total number of plasmids hybridizing to each probe in the Hirt 
5 . DNA sample was calculated from the total CFU obtained in each transformation. 
In this analysis, each muscle sample was evaluated indq>endently to determine 
the mean (+/-SEM) total Alkphos and/or GFP hybridizmg plasmids. A second 
evaluation involved die tiansfection of r^icued plasmids into 293 cells uang 
lipofectanaine, foDowed by evaluation of GFP fluorescence and^l^^ 

10 staining for Alkphos. To confirm that GFP and Allq[>li0S co^expre^smg plasmids 
wm indeed clonal and (hat both genes w^ encoded on the same plasmid, a 
selected group of five co-e}qpres5mg plasmids wctc retransfoimed into £co//. and 
colonies were re-isolated prior to rqieafing the transfection studies. In all cases, 
plasmids co-e3q>ressing the two rqx>rter genes remained clonal through this 

15 . subsequent re-isolation. 

To fimher characterize the nature of isolated circular intermediates co^ 
expressing both GFP and Alkphos transgoies, plasmid structure was m^yped by 
Southern blotting and restriction enzyme aiudysis. The structural of five co- 
20 expressing circular intamediate plasmids wer&detOTuined by digestion wiA. 
Ahdl, Hindm, NotI, Hindm/Notl, aal/Asel, and/or SnaBI and 
blotting was performed with ^P-labeled GFP, Alkphos, and TIR probes. 
R^iilla 

Strategy for c haracteriTing m^hanisms of rA AV circular Tntermfidiatg 
25 formation. 

EfiBcient ciicubrization of rAAV genomes has been previously 

demonstrated to occur in muscle in a time depend^t &shion 

FurtfaCTiore, the conversion of monommc to multimeric circular rAAV . 

intermediates occuned over time and. was associated vidtfalong-^ '• ~ 

30 p^stence of AAV genomes. Hig}i xiiolecular weight AAV circular glomes \ 

mi^t form by dftier of the following two mechanisms^ one involving the. 

replication of monomor structures and flie other throu^ intennolecular 

recombination between independent monomers. A rescue assay was developed 
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using two separate rAAV vectors, AV.GFP3ori and AVjMIqjbos (Figure 14A), 
winch allowed for the identification of independent vir^ 
unique transgenes. In this assay, circular fonn genomes were rescued in bacteria . 
by virtue of Amp/ori sequences encoded in one of the two vectors 
5 (AV.GFPSori). A method for characterizmg the extent of intermolecular 
recombination between independent circular rAAV genomes jgkas shown in 
Figure i4B. 

Co-expresCTon hf indepfifidRnlly encoHed rAAV tnmsgenes in muscle mynfthflrg 

To confirm that myofibers can be c6-infected at a hig^ efSdenc^ 

1 0 the two rAAV vectors, the tibialis anterior muscle of mice was co-infected with 
5 X lO^DNAparticlesof both AV,GFP3ori and AV Alkphos. At 14, 35, 80, and 
120 days post-infection, muscles were harvested and analyzed for transgone 
repression. Transgeneexpies5ian fiombothrq)orterswa5 weak but clearly 
visible in 14 day muscle samples. By 80 days post-mfection, transgene 

1 5 e^qnession was maximal and iserial sections demonstrated expression of both 
Alkphos and GFP transgenes in overiapping regions of the muscle (Fi gures 1 5 A- 
C)- At this time point, ^proximately 50% of the fibers in the tibialis muscle 
expressed both transgenes. To confirm that co-infection of myofibers occurred 
with the two indq>endent vectors, co-localization studies were performed on 

20 muscle sections by a serial staining procedure. These studies, depicted in Figure 
15D, draionstrate four classes of myofiber transgene expression: 1) GFP positive 
only, 2) Alkphos positive only, 3) GFP/Alkphos positive, and 4) no transgene 
expression. The largest firaction of myofibers expressed both GFP and Alkphos 
transgenes. These n^ults confimi that at the titers of virus used for infection^ co- 

25 infection occurred in greater than 90% of transgene expressing myofibers. 
Rescue of bi-fimctional rAAV circular intermediates increafses nver rime/ 
' To detmnine the extent of recombination between circular AAV 
genomes, circular form genomes were rescued as plasmi 
wdght Hirt DNA of xmiscle tissue co-infected with 

30 AV^Alkpbos. Following tnmsformationof £co/r Sure ceUs with Hirt 
purified from ii^ected muscles, the total numb^ of GFP and Alkphos 
hybndizmg Anip resistant bacterial piasmids was quantitated for each 
post-infection (Figure 16A and B) (£>uan et al., 1995), the abundance of circular 
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AAV genomes rescued fix)m AV.GFP3ori increased over time. 
saniple (three for each time point) twOTty piasmid clones were evaiua^ 
hytaidization to GFP and Alkphos DNA probes and the total number of plasmids 
was back calculated fiom the total CFU for each individual muscle sample. 

5 Figure 1 6B demonstrates the mean (+ASEM, N=3) total plasmids that hybridized 
to GFP or GFP/Alkphos probes at each time point At 14 days gost-infection, 
GFP/AUqphos co-hybridizing plasmids were never observed In contrast, at time 
points after 35 days the pOTcntage of GFP/AIlq)hi>s co-hybrid^ 
increased with time and reached 33% by 120 days (Figure 16C)^ Since bacterial 

1 0 piaanid rescue can only occur through. AV,GFP3ori genomes, tins data suggests 
that recombination between independent Al]q>hos and GFP rAAV genomeis takes 
place over time. These results are consistent with studies described hgreinafaPYg 
dononstrating a time dq>endent concatamerization of monom^ circular rAAV 
glomes in muscle. 

15 To evaluate the ability ofdn^ularintennediates to eiqiress enboded 

transgenes, transient transfection studies were performed in 293 cells with 
rescued circular intennediate plasmids (Figures 17A-C). Between 85*90% of 
rescued plasmids hybridizing to GFP probes on slot blots also expressed the GFP 
transgene in this transfection assay (Figure 17D). The pOT^entage of GFP 

20 expressing plasmids that also expressed AUqphbs rose over time in concordance 
with the hybridization data (Figure 17D). However, ^proximately 40-50% of 
plasmids which were hybridization positive for Allq)hos did not express the 
Alkphos transgene. This may represent recombinational deletion of AeRSV 
promoter driving Alkphos expression which occurred during concatamerization 

25 . at sites near the 5' TTR. These results demonstiute that intermolecular 
reconibihation between Allq>hos and GFP derived cinjular intermediate 
as part of the time dependent concatamerization process of rAAV in muscle. To 
cooofiixii that amplified plasmids st0(^ esqs 
actusdly clonal (ie., one plasmid rather than 

30 from contamination), a select number of bactmal clones expres^g both 
transgei^ were re-isolated and tiie transfection assays were repeated. In alL 
cases, plasmids expressing the two reporter genes remained clonal through two 
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rounds of bacterial cloning. Hence, dual reporter expression was not due to 
contanunation ofindependentGFP and AIlq)ho5 expressing plas^ . 
ConcatanimgationofAAVchculariTiterfn^^^ 

intermolecular recoffihination betwem TTRs nf independent viTal gennnifte 
S To better inidd:stand the inechamans of circular c^^ 

detailed structural analysis was perforined of j5ve bi-ic^ 
concatamers isolated fiom rAAV infected muscle samples. As previously 
desaribed for the AV:GFP3ori geiwme (Exanq>le 2), the conversion o 
monomeric circular AAV genomes to large multimeric circular concatamers with 

10 a predoniinanthead^OKtailstructiu^ increased with time in muse To evaluate 
the structure of bi-fimctional circular concatamers, restriction enzyme mapping 
and Southern blot analysis using ^^-labeled EGFP, Alkphos, and ITR probes 
was employed. Results from five analyzrf plasndids demonstrated between 3-6 
genomes within fliese circular concatamers; Two representative structures from 

1 5 35 and 80 day time points are shown in Figure 1 8. Several interesting 

conclusions can be made from this structural analysis. As described , head-to- 
tail oriented genomes could be seen in all isolated concatamers. However, 
several exansples of head-to-head and tail-to-tail genome combinations of 
AVAlkphos and AV.GFP3ori were also seeiL Since head-to-head and tail-to- 

20 tail genome concatamers were never seen in muscles infected with A V.GFP3ori 
alone, there must be a selective disadvantage for bacterial replication when on 
sequences are in eiflier of these conformations. However, since the AVAlkphos 
genomes do not contain a bacterial origin of rq>lication, this orientation is 
permitted in chimeric concatamers. Second, noticeable deletions and/or loss of 

25 restriction sites close to ITRs were noted (Figure 17). It is iK>t known whether 
deletions dose to the ITR are a common event in the concatamerization process, 
but if so, this could account for the that only 60% of 
hybridi2ing cirinilar intennediates dsd expressed the Alkphos transgene. 
DisciLssion '-.^ \i^-/::-r:,: - .; . . 

30 Concatamerization of rAAV genomes has long bem recognized in 

integrated proviral genomes. Recently, the asspdation of ^ 
process widi the formation of high molecular circular graomes.in muscle has 
suggested that this prxKess niay also be in^>ottaiit in epis^ The 
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findings described herein demonstrated rescue of 
within the same circular concatamer, suggesting that this process of : 
concatameiization occurs thn)ughintOTnoIecularrecombin^ Fur&ermdre, 
at 14 days the predominant form of viral genome in muscle was circular 
5 monomers Example 2), which correlates with the resiilts described above 

demonstrating only GFP expression in rescued circular intemiediates at this time 
point Together with the &ctdiatbi-fimctional rescued circular^ 
increase with time, these results sugg^ tiiat large concatameis form b^^ 
recombination of moiKmieric drcularprecuisor graomes. Furthermore, since an 

10 alt^native modelof concatamerization by rolling circular repficationi would be 
e7q)ected to yield oiily GFP expressing rescued plasmids in this syste^ 
mechanism does not q>pear responsible for concatamerization. 

Based on the structural analysis of these bi-functional circular 
intemiediates, recombination betiveen monomeric circular rAAV gi^ 

15 likely facilitated through ITR sequences. Directionality of this recombinational 
. event does not ^ear to play a significant role, since head-to^tail, head-to-head, 
and tail-to-taxl oriented intemiolecular concatamers were found. In addition, the 
extait to \K^ch recombination widiin TTR rq>eat regions occurs in bacteria is 
presently unknown and may account for the deletions and/or restriction site 

20 losses near ITR arrays. However, serial passaging ofbi-fimctional circular AAV 
genomes in bacteria has suggested that the structure of these large concatamers is 
impressively istable in bactCTia. 

Intermolecular recombination of rAAV genomes to form single circular 
(q)isomes may be particularly useful for gene therapy. For exanqjle, large 

25 regulatory elements and genes beyond the packaging edacity of rAAV may 
become linked after co-irifecting tissue with two indq)endent vectors 
(Figure 19). This strategy could also involve trans-splicmg vectors encoding two 
indep^dent regions of a g«i&^cb are hsougfA togetfao^to fbmi an intact 
spUcing unit by circular cancatamaization. 

30 Far exanq>ie, two independent vectors encoding two h^es of the CFTR 

gdie flanked by donor and acceptor spUce site sequences are p^ 
E)q)ression of functional CFTR protem results after splicing of RNA transcribed 
from a concatametized genraie conqirising both halves of the gene in the sense 
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orientation. One rAAV vector may conqirise the first 3.3 kb of the CFTR geoib 
under the control of the RSV promoter and an in-fiame splice donor site at the 3' 
end of the CFTR cDNA. The second rAAV vector encodes a splice acceptor 
iutronic sequOTce, tfae3' 1.4kb oftfaeCFTRgene,andSV40poly^ad^ 
5 sequences. To test for effidrntspKcing, a chimeric vector Qk:DNA3.1CT^ 
Donor/Accqptor) is introduced to Xenopus ooc^es by nuclearjigection of the 
vector, followed by two electrode voh^e (TEV) clamp recording functional 
analysis of CFIR (Jiang et al., 1998). mRNA tra^^ 
connect spUdng following transfection of pd>NA3.1CF^ 

10 cells. Polarized airway epithefial cells grown at th^ 

are co-infected wifli the donor and accq)tor CFTK AAV vectors CFTR gene 
expression in these cells iis then monitored by both immunofluorescent 
localization and iimctional analysis of short circuit currente (SmiA et aL, 1992; 
Smith et al., 1990). Hut analyses of episomal AAV^edes are used to correlate 

15 the efficacy and persistence of CFTR gene expression with the formation of 
AAV circular intermediates. 
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WHATISCIAIMED 

1. An isolated and purified DNA molecule comprising at least one DNA 
segment, a biologically active subunit or variant thereof, of a circular 
intermediate'of adeno-associated virus, which DNA segment confers increased 
episomal stability, persistence or abundance of the isolated DNA molecule in a 
host cell. 

2. The DNA molecule of claim 1 in which the DNA segment cbinpriseis at 
least a portion of a 5' inverted terminal repeat of adeno-associated virus. 

3. The DNA molecule of claim 1 in which the DNA segment comprises at 
least a portion of a 3'-inverted tenninal repeat of adeno-associated virus. 

4. The DNA molecule of claim 1 which further comprises a rnaiker or 
selectable gene. 

5. A plasmid comprising the DNA molecule of claim 1. 

6. A goie transfer vector, comprising: 

a) at least one first DNA segment, a biologically active subunit or 
variant thereof, of a circular intermediate of adeno-associated virus, which DNA 
segment confers increased episomal stability or integration of the vector in a host 
cell; and 

b) . a second DNA segment comprising a gene. 

7. The vector of claim 6 in which the first DNA segment comprises at least 
about 550 bp of adeno-associated virus sequent. 

8. The vector of claim 6 in which the first DNA segment comprises at least 
about 400 bp of adeno-associated virus sequence. 

9. A ther^)eutic gene traiisfi^ vector, comimsing: 

'.83 - . ' ' 



wu yy/ovi4«> 



PCT/US99/11I97 



a) at least one first DNA segment, a biologicaBy active OTbim 
variant tbereof^ of a circular intermediate of adeno-associated virus, which DNA 
segment confers increased episomal stability or integration of the vector in a host 
cell; and 

b) a second DNA segment comprising a gene encoding a 
therapeutically effective polypeptide. _ 

10. A medxod of delivering a gene to a cell omiprising: contacting the cell 
with the vector of claim 6 or 9. . 

11. A composition for delivering a gene to a cell conq)rismg: the vector of 
claim 6 or 9 and a delivery vehicle. 

12. The composition of claim 1 1 wherein the delivery vehicle is a 
phannac^caliy acceptable carrier. 

13. The compo^tion of claim 1 1 wherein the delivery vehicle is a liposome. 

14. The DNA molecule of claim 1 which comprises concatamers of the 
drcular intermediate^ 

15. The DNA molecule of claim 1 in which the stability, persistence or 
abundance of the DNA in cells is enhanced by a DNA binding proteiiL 

16. The DNA molecule of claim 1 5 wherein the DNA binding protein is 
adenovirus £2a.. 

17. A host cell comprising the vector ofclaim 6 or 9. 

18. A host ceU comprising the DNA molecule of claim 1 . 

19. Ananimalcomprisingthe vectorof claim6or9. 
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20. The animal of claim 19 which is not a human. . 

21. A method of expressing a gene product in the muscle tissue of an aiiimai, 
which comprises: administering the vector of claim 6 or 9 to the muscle tissue of 
said animal in an amount effective to express the gene. 

22. The method of claini 21 wherein the vector is administered dissolved or 
suspended in a liquid phaimaceutically acceptable carrier. 

23. The method of claim 22 wherein said liquid earner comprises an aqueous 
solution. : 



24. The method of claim 21 wherein said gene comprises a DNA segment 
encoding a protein operably linked to a promoter operable in said muscle tissue. 

25. ThemeAodofclaim21 wherein said administering is by intramuscular 
injection. 

26. The method of claim 21 wherein said administeiing is by transdemial 
transport. 

27. The method of claim 2 1 wherein said animal is a bird or mammal. 

28. The method of claim 1 wherein said animal is a human. 

29. A method of expressing a gene in a eukaiyotic cell, comprising: 

a) transfecting a exdcaryotic host cell susceptible to adenovirus 
infection wifli the vector of claim 6 or 9 and a recombinant adenovirus helper. : 
vector so as to fonn packaged wal particles; and ^ ^ ^ - ; ^ : 

b) infecting a eukaiyotic host cell with the viral pimiclesm 
amount effective to detect ^ression of the gene. 

30. A composition comprising: 
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a first adeno-associated virus vector coraprising linked: 

i) a first DNA segment comprising a 5 '-inverted terminal 
repeat of adeno-assodated virus; 

ii) a second DNA segment comprising at least a portion of an 
open reading firame operably linked to a promoter^ 
wherein the DNA segment does not comj^se the entire 
open reading fi^me; 

iii) a third DNA segment comprising a splice donor site; and 

iv) a fourth DNA segment conqirising a 3 '-inverted tenninal 
repeat of adeno-associated virus; and 

a second adeno-assodated vinis vector conqmsing lii& 

i) a first DNA segment comprising a S'-invotedtemunal 
repeat of adeno-associated virus; 

ii) a second DNA segment conqirising a splice accq)tor site; 

iii) a third DNA segment conq>rising at least a portion of an 
open reading fianie which together with the DNA segment 
of (a)(ii) encodes a fuU-lengtfa polypeptide; and 

iv) a fourth DNA segment comprising a 3 '-inverted terminal 
: repeat of admo-associated virus. 

3 1 . The composition of claim 30 fiiraier comprising a delivery vdiicle. 

32. A metfiod to transfer and express a polypeptide in a host cell comprising 
contacting the host cell with the composition of claim 30. 

33. A method to transfer and express a polypeptide in a host cell comprising 
contactfaig the host ceU with a first ad«io-assodated virus vector 

linked: --- v.:.... . ; ■•■• -•r ' . 

i) \ a first DNA segmait coniprising a 5'-inverted terminal r^eal of 

adeno-associated virus; • 

ii) a second DNA segment comprising at least a portion of an open 
reading fiame op^ably liiiked to a promioter^ ^^erein the DNA 
segment does not comprise the entire openreading fiame; 
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iii) a thirf DNA segment comprising a spK^ 

iv) a foiirth DNA segment comprising a 3'-invertedten^ 
of adeikHassociated vims. 

34. The method of claim 33 wherein the host cell is further contacted with a 
second adeno-associated virus vector comprising linker 

i) a first DNA segment comprising a 5 '-inverted t^minal repeat of 
adeno-associated virus; 

ii) a second DNA segment comprising a ^lice acceptor site; 

iii) a third DNA segment comprising at least a portion of an 
open reading frame which together witib the DNA segment 
of (a)(ii) encodes a iuIMength polypeptide; and 

iv) a fourth DNA segment comprising a 3'-inveited terminal repeat 
of adeno-assodated vims. 

35. The method of claim 32 or 33 wherein the host ceD is a lung epithelial 
cell, a muscle cell or a neuron. 

36. The method ofclaim 32 or 34 wharein the polypeptide is the CFTR 
polypeptide. _ 

37. A method of expressing a gene product in the muscle tissue of an animal, 
comprising contacting the muscle tissue with the composition of claim 30 in an 
amount effective to express the polyp^tide. 

38. A method of expressing a gene product in the airway q>ithelia of an 
animal, comprising contacting the airway epithelia with the composition of claim 
30 in an amount effective to express the polypeptide. 

39. A meftodofe3q>ressing a gene product in flienrarbns of an animal, 
comprising contacting the neurons with the composition of claim 30 in an 
amount effective to express the polypeptide. . 
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40. The use of tbe vector of claim 6 or 9 for the manu&cture of a - 
medicament for the treatment of a pathological condition or symptom in a 
mammal. 

41. The use of the composition of claim 30 for the manufacture of a 
medicament for the treatment of a pa&ological condition or synqitom in a 
mammal. 
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A 

10 20 30 40 50 SO 

scaasscwMsc t&ss^skoms Tftsca35SGCG GGTTaATCM? TAftC TOcaac ga&ccc gcas 
cjsiacBncG acaictatk: ATCcracasc ccamtocta wppgktuttc crrsGGGaac 

70 80 90 100 110 120 

TCATCOafiTT GGCCaCXCCC TCTCTtaXCS CWXXaCGCT CACTSAGGCC GGSCGGCXaA 
ACXaCCIOA CCGGTCAG6G AOMSACGCGC 6AfiCGa6C6& GTGACTCCGG CCCGCdGGIV 

130 MO 150 160 170 180 

AQGTCG0CC6 ACCOOOOGGC ITTSCCCGSG CGGCCTCAGT GAGCGacCGA GCGCG Cafi&O 
TCC&GC6GGC TOaSGOXaW AAM3GGCa±C GCCGGAfiTCA CTCGCTCGCT CBCGCOSCrC 

190 200 210 220 230 240 

AGSG&GTGGC CAACICCaiC ACXRGGGGTT CCTTGTAGTT AAIGRTtAAC CCQCCATCCT 
TCCCTCaCCG GTI6AGGTBG TGATCCCCAA GGMCATCftA TTaCTaiTTG GGCGGXUCCa. 

250 260 270 280 

AcraaactAC cGamsAarrc GAGcriEcai sc 

TCAAiaGaflC CCTACOTaAB CXC fiAaCGT A CS. ..♦♦»»» 



10 20 30 40 so 60 

QC&SSC&&6C TCXM3AE&AG •EASCATSGCG GOTTftAICaT TAACTACAAG GAACCCCiaG 

(^.I' A Lu T uc B AcaJECxarrc AaxssiaccGc ccauOTawsini attcaigttc cnGGGsarc 

: ■ -> 

70 80 90 100 110 120 

TCaiGGaGTT GGCCaCTCCC TCTCTGCGCG CTCGCTCGCT CftCTGftGGCC GGGCGCGCGC 
a^aaCCXCAA CCGGTGftfiGG AfiAGACGCGC SftGCGftfiCGA CTGACTCCGG CCCGCGCGCG 

130 140 150 160 170 180 

aCCCTCGClC ACTGaGGCCG GGCGACCAAA GGTCGCCCGA GCCCGGGCTT TGCCCGGGCS 
AGCGAGCGAB TCftCTCCCGC CCGCTGGTTT CCAGCGGGCT CGGGCOCGAA ACGGGCCCGC 

190 200 210 220 230 240 

GCCtCASXGA GCMAGCGCGC GCGCAfiM3A6 G6ASXG6CCA ACTCCaTCAC TACGGGTTCC 
CGGAGICaCT C6CTCGCGC6 CQCGICXCTC CCTCj!«XGGT TCAGGOaGTG ATCCCCAfifiS 

250 260 270 280 . ' 290 300 

TTCTAGn«A TCATTAACCC GCCATGCTAC TTATCTJVCCG ATGAATTCGA GCTTGCMBC 
AACAIGAAIT ACTAKTKJGG CGGTACGATG AAIAGftTCGC TACTORAGCT CGAACJSCace 
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c 

10 20 30 40 50 60 

QcaascftAGC tgisagascaag t&gcatooog anrftAscAT taactac&&8 gaaccc^^ 

g yyACGr raCG ACATCTATTC MCCraCCGC CCAATXAGTA lOTIGMCTTC CnCGGGG^ 

70 60 / 90 100 lid' 120 

TCMGG&GTT GGCCACTCCC TCTCPCSCGCG CTCGCTOGCT CACTGAGGOC 6GGCGACCA& 
jiCTAOClCJUk CCGGTGAGGG AGAGACGCGC GAGCGAGCGA GTGACTCCGG CCCGCTGGTT 

130 140 150 160 170 180 

AGG7CGCCXG ACGCCCGGGC TOTOnXXCC CG^^ GCGCGCAGM 
TCCUGCGGGC T6CGGGCCC6 AAACCAGCOC3 GCCGGAGTCA CafeTOtCG C T CGCGCGTCTC 

190 200 210 220 230 240 

jiBGGafiTGGC aa^CICCMSC AATCMnCWU: CCGCCATGCT 

rOOCTCaCCG CTTGAGGmG WaOCCCCJUl GGAW^i^^ 



250 260 270 280 

ACTTaiCTAC. CGATCAATTC GAGCTICC&T GC» 
TCAAX&GAIG GCZACOT&AG CTCGAAaSC& CG» • • 
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151 CgtcgCCCga UXU.U,L CT TSCCCGOCSCG GCCICRGIta Saa^C^ 200 
^02 «1 GCCCOC«=rT Togt^ 

210 220 230 240 250 



S 201 SSSs «asiBGca *c^^ 



260 270 280 200 300 

251 .inamiUXC GCCaWCniC TOWCiaCCG 
^202 251 TOmM«« ««aWCTtf^^T^^ 
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SEQXJEHCE LISTING 

<I10> University of Iowa Research Foimdation et- al, 

<120> Adeno-associated virus vectors and uses 
thereof 

<130> 875,007WOl 



10 



<150> US 09/276,625 
<X51> 1999-03-25 



<150> US 60/086,166 
15 <151> 1998-05-20 

<160> 7 



20 



<170> FastSEQ for Windows Version 3. 0 

<210> 1 
<211> 20 
<212> BNA 

<213> Adeno-aeeociated virus 



25 



<400> 1 
cg^ggtcgt tgggcggtca 

<210> 2 
30 <211> 19 

<212>.I)IIA 

<213> Adeno-associated virus 
<400> 2 ^ ■ JV - ^ 

35 gggpggagcc tatggaaaai v^^;, 

<210> 3 
<211> 505 
<212> DNA 
40 <213> Artificial Sequence 
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<220> 

<223> A cohisensus sequence of inverted terndnal repeats 
<46o> 3 • 

5 cgggggtcgt tgggcggtca gccaggcggg ccatttaccg taagttatgt aacgactgca 60 

ggcatgcaag ctcgaattca tcggtagata agtagcatgg cgggttaatc attaactaca 120 

aggaacccct^ agtgatggag ttggccactc cctctctgcg cgctcgctcg ctcgctgagg 180 

ccgggcgacc aaaggtcgcc cgacgcccgg gctttgcccg ggcggcctca gtgagcgagc 240 
gagcgcgcag ctgcgcgctc gctcgctcac tgaggccgcc cgggcaaagc ccgggcgtcg . 300 

10 ggcgaccttt ggtcgcccgg cctcagcgag cgagcgagcg cgcagagagg gagtggccaa 360 

ctccatcact aggggttcct tgtagttaat gattaacccg ccatgctact tatctacagc 420 

ttgcatgcat gtgagcaaaa ggccagcaaa aggccaggaa ccgtaaaaag gccgcgttgc 480 

tggcgttttt ccataggctc cgccc 505 

15 <210> 4 

<211> 272 

<212> mSh ■ ^ 

<213> Adeno-associated virus circular intermediate, clone p81 
20 <400> 4 

gcatgcaagc tgtagataag tagcatggcg ggttaatcat taactacaag gaacccctag 60 
tgatggagtt ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gggcggccaa 120 
aggtcgcccg acgcccgggc tttgcccggg cggcctcagt gagcgagcga gcgcgcagag 180 
. agggagtggc caactccatc actaggggtt ccttgtagtt aatgattaac ccgccatgct' 240 
25 acttatctac cgatgaattc gagcttgcat gc . 272 

<210> 5 
<211> 300 
<212> DMA 

30 <213> Adeno^associated virus circular, intermediate, clone p81 

•<400> 5 • 

gcatgcaagc tgtagataag tagcatggcg ggttaatcat taactacaag gaacccctag . . 60 
tgatggagtt ggccactccc tctctgcgcg . ctcgctcgct cactgaggcc gggcgcg'cgc 120 
35 tcgctcgctc actgaggccg ggcgaqcaaa ggtcgcccga gccc^lggctt tgcccgggcg 180 
gcctcagtga gcgagcgcgc gcgcagagag ggagtggcca actccatcac taggggttcc 240 
ttgtagttaa tgattaaccc gccatgctac ttatctaccg atgaattcga gcttgcatgc 300 
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<212i> DBA 

<2.13> Adeno-associated virus circulair intermediate, , clone pBl 
<400> 6 

5 gcatgcaagc tgtagataag tagcatg^cg ggttaatcat taactacaag gaacccctag 60 
tgatggagtt ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gggcgaccaa 120 
aggtcgcccg acgcccgggc tttggtcgcc cggcctcagt gagcgagcga gcgcgcagag 180 
agggagtggc caactccatc actaggggtt ccttgtagtt aatgattaac ccgccatgct 240 
acttatctac cgatgaattc gagcttgcat gc . 272 

10. .. . • 

<210> 7 
<211> 165 
<212> DNA 
<213> TftiJcnown 
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<220> 

<223> SBQ ID NO:l of U.S. Patent No. 5,478,745 



<400> 7 

20 aggaacccct agtgatggag ttggccactc cctctctgcg cgctcgctcg ctcactgagg 60 

ccgggcgacc aaaggtcgcc cgacgcccgg gctttgcccg ggcggcctca gtgagcgagc 120 

gagcgcgcag agagggagtg gccaactcca tcactagggg ttcct 165 
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ADENO-ASSOCIATED VIRUS VECTORS AND USES THEREOF 
Cross-Referenf f to Rdafed Applications 

This application is a continuation-in-part, and claims priority of invention 
under 35 U.S,C § 1 19(e), fiom U.S. application Serial No. 60/086,166, filed May 
5 20, 1 998, curraitly pending, the disclosure of which is incorporated by reference 
herein. 

I^apkgrmind nf the Tnvention 
Adeno-associated virus (AAV) is a non-pathogenic parvovirus with a 
single-stranded DNA genome of 4680 nucleotides. The genome may be of either 

1 0 plus or minus polarity, and codes for two groups of genes, Rep and Cap (Bems 
et al., 1990). Inverted tenninal repeats (ITRs), characterized by palindromic 
sequences producing a high degree of secondary structure, are present at both 
ends of the viral genome. While other members of the parvovirus group 
replicate autonomously, AAV requires co-infection with a helper virus (i.e., 

1 5 adenovirus or herpes virus) for lytic phase productive replication. In the absence 
of a helper virus, wild-type AAV (wtAAV) establishes a latent, non-productive 
infection with long-tenn p^rsistaice by integrating into a specific locus on 
chromosome 19, AAVSl, of the host genome through a Rep-facilitated 
mechanism (Samulski, 1993; Linden et al., 1996; Kotin et al., 1992). 

20 In contrast to wtAAV, the mechanism(s) of latent phase persistace of 

recombinant AAV (rAAV) is less clear. rAAV integration into the host genome 
is not site-specific due to deletion of the AAV Rep gene (Ponnazhagan et al., 
1997). Analysis of integrated provnral structures of both wild type and 
recombinant AAV have demonstrated head-to-tail genomes as the predominant 

25 structural forms. 

rAAV has recently been recognized as an extremely attractive vdiicle for 
gene delivery (Muzyczka, 1992). rAAV vectors have been developed by 
substituting all viral open reading flumes with a therapeutic minigene, while 
retaining the cis elements contained in two inverted tenninal rq)eats (ITRs) 

30 (Samulski et al., 1987; Samulski et aL, 1989). Following transduction, rAAV 
genomes can persist as q>isomes (Flotte et al., 1994; Afione et al., 1996; Duan et 

1 
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al., 1998), or alternatively can integrate randomly into the cellular goiome 
(Bems et al., 1996; McLaughlin et al„ 1988; Duan et al., 1997; Fisher-Adams et 
al., 1996; Keams et al., 1996; Ponnazhagan et al„ 1997). However, little is 
known about the mechanisms enabling rAAV vectors to persist in vivo or the 

5 identity of cellular factors which may modulate the effidncy of transduction 
and persistence. Although transduction of rAAV has been demonstrated in vitro 
in cell culture (Muzyczka, 1992) and in vivo in various organs (Kaplitt et al., 
1994; Walsh et al., 1994; Conrad et al., 1996; Herzog et al., 1997; Snyder et al,, 
1997), the mechanisms of rAAV-mediated transduction remain unclear. 

1 0 Moreover, while rAAV has been shown to be enable of stable, long- 

term transgene expression both in vitro and in vivo in a variety of tissues, the 
transduction efficiency of rAAV is markedly variable in different cell types. For 
example, rAAV has been reported to transduce lung epithelial cells at low levels 
(Halbert et al., 1997; Duan et al., 1998a), while high level, persistent transgene 

1 5 expression has been demonstrated in muscle, neurons and in other non-dividing 
cells (Kessler et al., 1996; Fisher et al., 1997; Herzog et al., 1997; Xiao et al., 
1996; Kaplitt et al., 1994; Wu et al., 1998; AU et aL, 1996; Bennett et al., 1997 
Westfell et al., 1997). These tissue-specific dififer«ces in rAAV mediated grae 
transfer may, in part, be due to variable levels of cellular factors afifecting AAV 

20 infectivity (i.e., recq^tors and co-receptors such as hq>arin sulfete proteoglycan, 
FGFR-l, and aVp5 integrin) (Summerford et al., 1998; Qing et al., 1999; 
Summerford et al., 1999) as well as the latent life cycle (i.e., nuclear trafficking 
of virus and/or the conversion of shigle stranded genomes to expressible forms) 
(Qing et al., 1997; Qing et al., 1998). 

25 Muscle-mediated gene transfer represents a very promising approach for 

the treatment of hereditary myopathies and several other metabolic disorders. 
Previous studies have demonstrated remarkably efficient and persistent transgene 
expression to skeletal muscle w vrw with rAAV vectors. Applications in this 
model system include the treatment of several inherited disorders such as Factor 

30 DC deficiency in hemophilia B and epo deficiencies (Kessler et al., 1 996; Herzog 
et al., 1997). Although the conversion of low-molecular-weight rAAV genomes 
to high-molecular-weight concatamers has been inferred as evidence for 
integration of proviral DNA in the host genome, no direct evidence exists in this 

2 
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regard (Xiao et aL, 1996; Clark et al„ 1997; Fisher et al. 1997). Also, the 
molecular processes and/or structures associated with episomal long-tam 
persistence of rAAV genomes, e.g., in nondividing mature myofibers, remams 
unclear. 

5 Thus, there is a need for rAAV vectors that have increased stability 

and/or persistence in host cells. Moreover, there is a need for vectors useful to 
express large open reading frames. 

iSnmmary ftf f**^ ynventinn 
The present invention provides a recombinant adeno-associated virus 
1 0 (rAAV) vector comprising a nucleic acid segment formed by the juxtaposition of 
sequences in the AAV inverted terminal repeats (ITRs) which are present in a 
circular intermediate of AAV. The circular intermediate was isolated from 
rAAV-infected cells by employing a recombinant AAV ^'shuttle" vector. The 
shuttle vector comprises: a) a bacterial origin of repUcation; b) a marker gene or 
1 5 a selectable gene; c) a 5 ' ITR; and d) a 3 ' ITR. Preferably, the recombinant 

AAV shuttle vector contains a reporter gene, e.g., a GFP, alkaline phosphatase or 
p-galactosidase gene, a selectable marker gene, e.g„ an ampiciUin-resistance 
gene, a bacterial origin of repUcation, a 5' ITO. and a 3 ' ITIL The vector is 
contacted with eukaryotic cells so as to yield transformed eukaryotic cells. Low 
20 molecular weight DNA (*Birt DNA'O from the transformed eukaryotic cells is 
isolated. Bacterial cells are contacted with &e Hirt DNA so as to yield 
transformed bacterial cells. Then bacterial cells are identified which express the 
marker or selectable gene present in the shuttle vector and which comprise at 
least a portion of a circular interaiediate of adeno-associated virus. Also, as 
25 described below, it was found that circularized intamediales of rAAV impart 
episomal porsistence to linked sequmces in Hela cells, fibroblasts and muscle 
cells. In HeLa cells, the incorporation of certain AAV sequences, e.g., ITRs, 
from circular intennediates into a heterologous plasmid conferred a 10-fold 
increase in the stability of plasmid-based vectors in HeLa cells. Unique features 
30 of these transduction interaiediates included the in vivo circularization of a 

head-to-tail monomer as well as multimer (concalamers) episomal viral genomes 
with associated specific base pair alterations in the 5' viral D-sequence. The 
majority of circular intermediates had a consistent head-to-tail configuration 

3 
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consisting of monomer genomes (<3 kb) which slowly converted to large 
muitimars of >12 kb by 80 days post-infection in muscle. Importantly, 
long-term transgene expression was associated with prolonged (80 day) episomal 
persistence of these circular intennediates. Thus, in vivo persistence of tAAV 

5 can occur through episomal circularized genomes which may represent 
promtegration intemiediates with increased episomal stability. Moreover, as 
described below, co-infection wifli adenovirus, at high multiplicities of mfection 
(MOI) capable of producing early adenoviral gene products, led to increases in 
the abundance and stability of AAV circular intennediates which correlated with 

10 an elevation in transgene expression from rAAV vectors. Thus, these results 
demonstrate the existence of a molecular structure involved in AAV transduction 
which may play a role in episomal persistence and/ or integration. 

Further, these results may aid in the development of non-viral or viral- 
based gene delivery systems having increased efficiency. For example, 

15 therapeutic or prophylactic therapies in which the present vectors are useful 
include blood disorders (e.g., sickle cell anemia, thalassemias, hemophilias, and 
Fanconi anemias), neurological disorders, such as Alzheimer's disease and 
Parkinson's disease, and muscle disorders involving skeletal, cardiac or smooth 
muscle. In particular, therapeutic genes useful in the vectors of the invention 

20 mclude the p-globin gene, the y-globin gene, the cystic fibrosis transmonbrane 
conductance recq)tor gene (CFTR), the Fanconi anemia complementation group, 
a gene encoding a ribozyme, an antisense gene, a low density lipoprotein (UDL) 
gOTe, a tyrosine hydroxylase gene (Parkinson's disease), a glucocerebrosidase 
gene (Gauch^'s disease), an arylsulfatase A gene (metachromatic 

25 leukodystrophies) or genes Kicoding other polypeptides or proteins. Also within 
the scope of the invention is the inclusion of more than one gene in a vector of 
the invention, i.e., a plurality of genes may be present in an individual vector. 
FurthCT, as a circular intermediate may be a concatamer, each monomer of that 
concatamer may comprise a different gene. 

30 For viral-based delivery systems, helper-free virus can be prepared (see 

WO 95/13365) from circular intermediates or vectors of the invention. 
Alternatively, liposomes, plasmid or virosomes may be employed to deliver a 
vector of the invention to a host or host cell. 
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The increased persistence of circular intennediates or vectors having one 
or a pluraKty of ITRs may be due to the priinary and/or secondary stnicti^ 
the ITRs, The primary structure of a consensus sequence (SEQ ED N0:3) of 
ITRs formed by the juxtaposition and physical (phosphodiester bond) linkage of 

5 ITRs from AAV is shown in Figure 2C. However, as described hereinbelow, 
each ITR sequence may be incompl^e, i.e., the ITR may be a subunit or portion 
of the foil length ITRs present m the consensus sequence. Moreover, preferably, 
an isolated DNA segment of the invmtion is not the 165 bp double DD sequmce 
(SEQ ED NO:7) disclosed in U.S. Patent No. 5,478,745, referred to as a "double 

10 sequence*'. 

Moreover, the formation, persistence and/or abundance of molecules 
having the ITR sequences of the invention may be modulated by helper virus, 
e.g., adraoviral proteins and/or host cell proteins. Thus, the circular 
intermediates or vectors of the invmtion may be usefol to identify and/or isolate 

1 5 proteins that bind to the ITR sequences present in those molecules. 

Therefore, the present mvention provides an isolated and purified DNA 
molecule comprising at least one DNA segment, a biologically active subunit or 
variant thereof, of a circular intermediate of adeno-associated vims, which DNA 
segment confers increased qjisomal stability, persistence or abundance of the 

20 isolated DNA molecule in a host cell. Preferably, the DNA molecule comprises 
at least a portion of a left (5') inverted terminal repeat (ITR) of adeno-associated 
vims. Also preferably, the DNA molecule comprises at least a portion of a right 
(3 0-invertedteraiiiial repeat of adeno-associated virus. The invention also 
provides a gene ttansfer vector, comprising: at least one first DNA segment, a 

25 biologically active subunit or variant thereof, of a circular intermediate of adeno- 
associated virus, which DNA segment confers inoeased episomal stability or 
persistence of the vector in a host cell; and a second DNA segment comprising a 
gene. Preferably, the second DNA segment encodes a ther^eutically effective 
polypepiide. The first DNA segment comprises ITR sequences, preferably at 

30 Icasi about 1 00, more preferably at least about 300, and even more preferably at 
least about 400, bp of adeno-associated virus sequaice. A preferred vector of the 
invention is a plasmid. 



5 
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Thus, the vector of the invration is useful in a method of delivering 
and/or expressing a gene in a host ceil, to prepare host cells having the vector(s), 
and in the preparation of compositions comprising such vectors. To deliver the 
gene to the host cell, a recombinant adenovirus helper virus may be employed. 

5 As described hereinbelow, the tibialis muscle of mice was co-infected 

with rAAV Alkaline phosphatase (Anq)hos) and GFP encoding vectors. The 
GFP shuttle vector also' encoded ampicillin resistance and a bacterial origin of 
rephcation to allow for bacterial rescue of circular intermediates in Hirt DNA 
from infected muscle samples. There was a time dependent increase in the 

1 0 abundance of rescued plasmids encoding both GFP and Alkphos that reached 
33% of the total circular intermediates by 120 days post-infection. Furthermore, 
these large circular concatamers were capable of expressing both GFP and 
Alkphos encoded transgenes following transient transfection in cell lines. Thus, 
concatamerization of AAV genomes in vivo occurs through intermolecular 

15 recombination of independrat monomer circular viral genomes. Therefore, a 
plurality of DNA segments, each in an individual rAAV vector, may be 
delivered so as to result in a single DNA molecule having a plurality of the DNA 
segments. For example, one rAAV vector comprises a first DNA segment 
comprising a S* TTR linked to a second DNA segment comprising a promoter 

20 operably linked to a third DNA segment comprising a first open reading firame 
linked to a fourth DNA segment comprising a 3* ITR. A second rAAV vector 
comprises a first DNA segment comprising a 5' FIR linked to a second DNA 
segment comprising a promoter operably linked to a third DNA segment 
comprising a second open reading fiame linked to a fourth DNA segment 

25 comprising a 3' riR. 

In another embodiment, one rAAV vector comprises a first DNA 
segment comprising a 5* ITR linked to a second DNA segment comprising a 
promoter operably liriked to a third DNA segment conQ>ri5ing the 5 ' end of an 
open reading firame linked to fourth DNA segment comprising a 5 ' splice site 

30 linked to a fifth DNA segment comprising a 3' ITR. The second rAAV vector 
comprises a first DNA segment comprising a 5' ITR Unked to a second DNA 
segment comprising a 3' splice site linked to a third DNA segment comprising 
the 3 ' end of the open reading fiame linked to a fourth DNA segment comprising 

6 
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a 3' HR. Preferably, the second and third DNA segments together comprise 
DNA encoding, for example, CTFR, fector Vm, dystrophin, or erythropoietin. 
Also preferably, the second DNA segmrait comprises the endogenous promote: 
of the respective gaie, e.g., the epo promoter. 
5 Thus, the invention provides a composition conq>rismg: a first adeno- 

associated virus vector comprising linked DNA segments and at least a second 
adeno-associated virus comprising linked DNA segments. The linked DNA 
segments of the first vector comprise: a first DNA segment comprising a 5' 
ITR; a second DNA segment comprising at least a portion of an open reading 
10 fi^ime operably linked to a promoter, wherein the DNA segment does not 
comprise the entire open reading frame; a third DNA segmtait comprising a 
splice donor site; and iv) a fourth DNA segment comprising a 3' ITR. The 
linked DNA segments of the second vector comprise a first DNA segment 
coa^msing a 5' ITR; a second DNA segment comprismg a spUce accq)tor site; a 
15 third DNA segment comprising at least a portion of an open reading fiame which 
together with the second DNA segment of the first vector encodes a fiill-laigth 
polypeptide; and a fourth DNA segment comprising a 3' ITR. Preferably, the 
second DNA segment of tfie first vector comprises a first exon of a gene 
comprising more than one exon and the third DNA segment of fiie second vector 
20 comprises at least one exon of a gene that is not the first exon. 

The invention also provides a mefliod to transfar and express a 
polypeptide in a host cell. The m^od comprises contacting tiie host cell with at 
least two rAAV vectors. One rAAV vector comprises a first DNA segmait 
conqjrising a 5 TTR linked to a second DNA segment comprising a promoter 
25 opoably linked to a third DNA segment conq)rising a first open reading fiame 
linked to a fourth DNA segment comprising a 3' ITR. A second rAAV vector 
comprises a first DNA segment conqmsing a 5* TTR linted to a second DNA 
segment comprising a promoter operably linked to a third DNA segment 
comprising a second open reading frame linked to a fourth DNA segment 
30 comprising a 3 TTR. Alternatively, one rAAV vector comprises a first DNA 
segment comprising a STTR linked to a second DNA segment comprising a 
promoter operably linked to a third DNA segmait comprising the 5' Hid of an 
open reading ftame linked to fourth DNA segment comprising a 5 ' splice site 
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linked to a fifth DNA segment comprising a 3' HR. The second rAAV vector 
comprises a first DNA segment comprising a 5' ITR linked to a second DNA 
segment comprising a 3' splice site linked to a third DNA segment comprising 
the 3' end of the open reading fi^me linked to a fourth DNA segmait comprising 
5 a 3 'ITR. The host cell is preferably contacted with both of the vectors, 

concurrently, although it is envisioned that the host cell may be contacted with 
each vector at a different time relative to the contact widi the oflier vector(s). 

Also provided is a method in which the composition of fee invention is 
administered to the cells or tissues of an animal. For example, rAAV vectors 
10 have shown promise in transfening the CFTR gene into airway epithelial ceUs of 
animal models and nasal sinus of CF patients. However, high level expression 
of CFTR has not been achieved due to the fact that AAV cannot accommodate 
the full-length CFTR gene together with a potent promoter. A number of studies 
have tried to optimize rAAV^mediated CFTR expression by utilizing truncated 
15 or partially deleted CFTR genes togetiier with stronger promoters. However, it 
is currently unknown what effect deletions within the CFTR gene may have on 
compl«nentation of bacterial colonization defects inthe CF airway. Therefore, 
the presmt invention inchides the administration to an animal of a conq)osition 
of the invention comprising at least two rAAV vectors which togetiier encode 
20 CTFR. The pi^ent invention is usefiil to overcome tiie current size limitation 
for transgenes witiiin rAAV vectors, and allows for tiie incorporation of a larger 
transciptional regulatwy region, e.g.; a stronger heterologous promoter or the 
Kidogenous CFTR promoter. 

Rrlrf IV^rriptlnn of thftFiwires 
25 Figure 1 . Structure of proviral shuttle vector and tixe predicted structure 

of rAAV circular interinediate monomers. With flxe aid of a rAAV cis-acting 
plasmid, pCisAV.GFP3ori (Panel A), AV.GFP3ori recombinant virus was 
produced (Panel B). This vector encoded a GFP transgene cassette, an 
ampicillin resistance gene (amp), and a bacterial rq)lication origin (ori). The 
30 predominant form of circular intermediates isolated following transduction of 
Hela cells with AV.GFP3ori consisted of head-to-tail monomers (Panels C and 
D). 
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Figure 2. StnKJtural analysis of rAAV circiilar intermediates in Hela 
cells. Circular rAAV intennediate clones isolated fiom AV.GFPSori infijcted 
Hela cells wwe analyzed by diagnostic restriction digestion with Asel, SphI, and 
PstI together with Southern blotting against lER, GFP, and Stufifer »P-labeIed 
5 probes. In panel A. four clones representing the diversity of intermediates found 
(pl90, p333, p280, and p345) gave a diagnostic PstI (P) restriction pattern (31d> 
and 1 .7kb bands) consistent with a circular monomer or multimar intact genome 
[agarose gel (Left) and Southern blot (Right)]. SphI (S) digestion demonstrated 
existence of a single FTR (pl90), two ITRs in a head-to-taU orientation (p333 
10 and p280), and three ITRs (p345) in isolated circular intermediates. The 

restriction pattern of pCisAV.GFP3ori (U; uncut, P; Psfl cut, S; SphI cut) and 1 
kb DNA ladder (L) are also given for comparison. One additional circular form 
(p340) was repetitively seen and had an unidentifiable structure which lacked 
intact rra. sequences. Circular concatamers were identified by partial digestion 
15 with Asel for clones p280 (dimer) and p333 (monomer) as is shown in Panel B. 
Sequence analysis (Panel C) of six clones with identical restriction patterns to 
p333 (Panel A) was performed using primers (indicated by arrows) juxtaposed to 
the partial p5 promoter (dotted line) and ITRs (soUd line). The top sequence 
represents the proposed head-to-tail structure of intact ITR arrays with alignment 
20 ofsequence derived fiom indivichial clones. Thejunctionofthe inverted ITRs is 
marked by inverted arrowheads (at 25 Ibp). Several consistent bp changes 
(shaded) were noted in the 5'ITR D-sequence (boxed) within four clones (p79, 
p81, p87, and p88). All bp changes are indicated in lower case lett«s. 

Figures, Adenovirus augments AAV circular interrnediate formation in 
25 HelaceUs. Infection ofHela cells with increaang doses (0,500, and 5000 
particles/cell) of recombinant Elrdeleted adenovirus (Ad.CMVlacZ) leads to 
substantial expression of E2a 72kd DNA Binding Protein, as demonstrated by 
indirect immunofluorescent staining for DBP at 72 hours post-infection (Panel 
A). Co-infection of Hela cells with AdCMVlacZ (5000 particles/ceU) and 
30 AV.GFP3ori (1 000 DNA particles/cell) led to substantial augmentation of rAAV 
GFP transgene expression (Panel B). Augmentation in rAAV GFP ttansgene 
expression in the presence of increasing amounts (0, 500," 5000 and 10000 
particles/ceU) of recombinant Ad.CMVlacZ was quantified by FACS analysis at 
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72 hour post-infection (Panel C). Results demonstrate the mean (+/-SEM) for 
two experiments performed in duplicate. In addition, an aliquot of cells was split 
(1 :10) at the time of FACS analysis and GFP colony fonning units (CFU) per 
lOX field were quantified at 6 days (CPE denotes significant cytopathic effects 

5 at an adenoviral MOI of 10,000 particles/cell and was not quantified for GFP 
colonies). Hirt DNAs fcom AV.GFPSoii (1000 DNA particles/cell) infected 
Hela cells with or without co-infection witti Ad.CMVlacZ (5,000 particles/cell) 
were used to transform £. colL The total number of ampiciUin-resistant bacterial 
CFU (Panel D) and total number of head-to-tail circular intermediates CFU 

10 (Panel E) are given for a representative experiment Greater than 20 clones for 
each time point were evaluated by Southern blot (see Figure 2 for detail). Zero 
hour controls were performed by mixing an equivalent amount of AV,GFP3ori 
vims as used in exp^iments with mock infected cellular lysates prior to Hiit 
purification. Panel F depicts the abundance of head-to-tail circular intermediates 

15 as a p^entage of total ampicillin-resistant bacterial CFU isolated fiiom Hirt 
DNA. 

Figure 4. Formation of rAAV head-to-tail circute intennediates 
following in vivo transduction of muscle. The tibialis anterior muscle of 4-5 
week old C57BL/6 mice were infected with AV.GFPSori (3 X 1010 particles) in 

20 HEPES buffered saline (30 fil). GFP expressicm (Panel A) was analyzed by 
direct immunofluorescence of fireidily excised tissues and/or in formalin-fixed 
cryopresCTved tissue sections in four independently injected muscles harvested at 
0, 5, 10, 16, 22 and 80 days post-infection. GFP expression was detected at low 
levels beginning at 10 days and was maximum at 22 days post-infection. 

25 Expression remained stable to 80 days at which time greater than 50% of the 
tissue was positive (see 80 day tissue cross section counter stained with 
propidium iodide, panel A). Hirt DNA was isolated torn muscle sanqjles at 
each of the various time points and after points was used to transfomi E. coli. 
Rescued plasmids (p439, pl6, pl7) were analyzed by Southern blotting in Panel 

30 B showing an agarose gel on left and ITR probed blot on right. Uruncut, P:PstI 
cut, and SrSphI cut The schematic drawing of the most predominant type of 
head-to-tail circular AAV intermediate plasmids rescued from bacteria is given 
in the right of Panel B and shows the stracture of pl7 as an example. Other 
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typical clones included &ose with less than two ITRs as shown for pi 6. SphI 
digestion of pl6 and pl7 plasmids released UR hybridizing fragments of 
approximately 140 and 300 bp, respectively. The slightly lower mobiUty then , 
predicted for these ITR fragments likely represents anomalous migration due to 

5 the high secondary structure ofinveited repeats within ITRs. Sequence analysis 
of pl7 and pl6 using nested primers to 5' and 3'-ITRs also confinned the ITR 
orientations shown to the right of the gel. Additional restriction aizyme 
analyses to determine this structure included double and single digests with 
SphI, PstI, Asel, and/or Smal. An example of an atypical clone (p439) rescued 

1 0 from bacteria with unknown structure is also shown. 

Figure 5. Frequency of circular intermediate formation in muscle 
following transduction with rAAV. Hirt DNAs isolated from rAAV infected 
tibialis muscle were used to transform E. coli and the rescued plasmids analyzed 
by Southern blotting (greater than 20 clones were analyzed from at least two 

15 independent muscle samples for each time point). The averages of total 

head-to-tail circular intermediate clones (line) and ampicilliB resistant bacterial 
clones (bar) isolated from each tibiahs anterior muscle at 0, 5, 10, 16, 22 and 80 
days post-infection are summarized in Panel A. Only plasmids which contained 
1-2 ITRs were included in the estimation of total head-to-tail circular 

20 intermediates. Plasmids whidh demonstrated an absence of ITR hybridizing 
SphI fragments (between 150 to 300 bp) were omitted from the calculations. 
Panel B demonstrates the diversity of ITR arrays found in head-to-taU circular 
intermediates at 80 days post-infection. This panel dq)icte a Southern blot 
probed with ITR sequences and rqiresents circular intennediates with 1-3 TTRs. 

25 SphI fragments whidi hybridize to ITR probes indicate the size of inverted ITR 
arrays (mariced by arrows to right of gel). Additional restriction enzyme analysis 
was used to d^enoiine the structure of monomer and multimer circular 
intermediates. Examples are shown for two multimer (pl36 and pl43) circular 
intermediates v*ich contain qjproximately three AAV genomes. Undigested 

30 plasmids of pl36 and p 143 migrate greatw than 12 kb and is contrasted to the 
most predominant form of head-to-tail undigested circular intermediates at 22 
days which migrate at 2.5 kb. The digestion pattern of pl36 is consistent with a 
uniform head-to-tail configuration of three genomes which is indistinguishable 
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from digestion patterns of pl39 which contains one circularized gmome 
(undigested pl39 migrates at 23 kb, data not shown, also see examples pl7 in 
Figure 4). In contrast, pi 36 depicts a more complex head-to-tail multimer 
circular intennediate which has various deletions and duplications within the 
5 ITR arrays. Predicted structure of five representative intermediates is 

schematically shown in Panel C. 

Figure 6. Molecularsizeof circular intermediates in muscle. HirtDNA 
from AV.GFP3ori infected muscle was size fractionated by electrophoresis and 
various molecular weight fractions transformed into E. colu Results demonstrate 

1 0 the abundance of circular intermediates at each of the given molecular weights at 
22 and 80 days post-infection with the rAAV shuttle vecton Structure of circular 
intermediates were confirmed by Southern blot restriction analysis. 

Figure 7. Head-to-tail circular intermediates demonstrate increased 
stability of GFP expression following transient transfectiou in Hela cells. 

1 5 Subconfluent monolayers of Hela cells were co-transfected with p8 1 , p87, or 
pCMVGFP and pRSVlacZ as an internal control for transfection efficiency as 
described in the methods. Panel A demonstrates the expansion of GFP clones 
after one passage (arrows). Quantification ofclone size and numbers are shown 
in Panel B. Clone size represents the mean raw values while clone numbers are 

20 normalized for transfection efficiency as determined by X-gal staining for 

pRSVlacZ. The data at the top of bar graph values for each construct in Panel B 
represents quantification of GFP clones after second passage (also normalized 
for transfection efficiency). Results indicate the mean (+/-SEM) of duplicate 
e3q)eriments with greater than 20 fields quantified for each experimental point 

25 The persistence of transfected p81 and pCMVGFP plasmid DNA at passage-7 
post-transfection was evaluated by genomic Southern blot of total cellular DNA 
hybridized against ^^-labeied GFP probe (Panel C, results from two independent 
transfections are shown). U:uncut, CrPstI cut The migration of uncut dimer and 
monomer plasmids forms are mariced on the left. PstI digestion of tfie plasmids 

30 results in bands at 4.7 kb (pCMVGFP, single PstI site in plasmid) and 1 J kb 
(p81, two PstI sites flanking the GFP gene). To determine whether the 
head-to-tail ITR array within circular intermediates was responsible for increases 
in the persistence of GFP expression, the head-to-tail ITR DNA element was 
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subcloned into the pGL3 luciferase plasmid to generate pGL3(ITR). Results in 
Panel D compare the extent of luciferase transgene expression following 
transfection with pGL3 and pGL3(ITR) at 10 days (passage-2) post-transfection. 
Results are the mean (-f /-SEM) for triplicate experiments and are normalized for 
5 transfection efSciency using a dual renilla luciferase reporter vector (pRLSV40, 
Promega). 

Figure 8. Identification of adenoviral genes responsible for augmentation 
of AAV circular intmnediate formation. Hela cells were infected with 
AV.GFPSori (1000 DNA particles/cell) in the presence of wtAdS, d/802 (E2a- 

10 deleted), and Jl 1004 (E4-deleted) adenovirus (at the indicated MOIs). Total 
number of head-to-tail circular intennediates from Hirt DNA and the level of 
augmentation of GFP transgene expression (as determined by FACS) was 
quantified at 24 hours post-mfection (Panel A). Results are the average of 
duplicate experiments. Panel B depicts results firom Southern blot analysis of 

15 Hilt DNA following hybridization to a GFP P^^-labeled probe. DNA loads were 
10% of the total Hirt yield firom a 35 nmi plate of Hela cells- Infections were 
earned out identically to that described for Panel A. Arrows mark rephcation 
form concatamers (Rf^), dimers (Rf^), monomers (RQ, and single-stranded 
AAV genomes (ssDNA). 

20 Figure 9. Model for independent mechanistic interactions of adenovirus 

with lytic and latent phase aspects of the AAV life cycle. The adenoviral E4 
gene has been shown to augmait the level of rAAV second strand synthesis 
giving rise to rq)lication form dimers (RQ and monomers (RQ (Figure 8B). 
This augmentation leads to substantial increases in transgene expression firom 

25 rAAV vectors and most closely mirrors lytic phase replication of wtAAV as 
head-to-head and tail-to-tail concatamers. In contrast, E4 expression inhibits the 
formation of head-to-tail circular intomediates of AAV. Hence, it appears that 
increases in the amount of RfJi and R4i double stranded DNA genomes does not 
increase the extmt of circular intermediate formation. Such findings suggest that 

30 conversion of R4 and Rf^ to circular intennediates does not likely occur and 
implicates two mechanistically distinct pathway for their formation. In support 
of this hypothesis, adenoviral E2a gene expression does not enhance tfie 
formation of R^ and R^ genomes but rather increase the abundance and/or 
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Stability of head-to-tail circular intermediates. Furthermore, in the absence of 
E4, E2a gene expression does not lead to augmentation of rAAV transgene 
expression. Since circular intamediates have increased episomai stabiUty 
muscle and hi Hela cells, this molecular structure may be unportant in the latent 
5 phase of AAV persistence. Alternatively, these circular intermediates may 
represent pre-integration complexes as previously hypothesized for Kep 
facilitated integration. In the absMice of Rep, drcular intOTcnediates may 
accumulate episomally in rAAV infected cells. In summary, these findings 
support the notion that adenovirus may modulate both latent and lytic aspects of 
10 the AAV hfe cycle. 

Figure 10. Individual chemical sequence of SphI fragments frompSl (A; 
SEQ ID N0:4), p79 (B; SEQ ID N0:5), and pl202 (C; SEQ ID N0:6) AAV 
circular interaiediates. The ends of the sequence (underlined) represent SphI 
restriction enzyme sites within he^-to-tail circular AAV genomes cloned with 
15 the AV-GFP3ori shuttle virus. 

Figure 11. Chemical sequence homology of three AAV circular 
interaiediates wiA various conformations of ITR arrays. Diversity in HR arrays 
are evident from the non-conserved bases marked in lowca- case. The ends of the 
sequence (underlined) represent SphI restriction enzyme sites within head-to-tail 
20 circular AAV genomes cloned with ttie AV.GFP3ori shuttle virus. 

Figure 12A. Palindromic repeat stracture derived from chMnical 
sequencing of AAV circular intermediate isolate p81. Secondary structure of the 
sense strand is depicted in the top box with plasmid reference given below. 
Figure 12B. Palindromic rqpeat structure derived from chemical 
25 sequencing of AAV circular intenmediate isolate p79. Secondary structure of the 
s&nsc strand is depicted in the top box with plasmid reference given below. 

Figure 12C. Palindromic repeat structure derived from chemical 
sequencing of AAV circular interaiediate isolate p79: Secondary structure of the 
sense strand is dq>icted in the top box with plasmid reference given below. 
30 Figure 13. Persistence of GFP expression in developing Xenopus 

embryos microinjected with AAV circular intermediate isolate p81. The extent 
of GFP fluorescence in tadpoles reflects the stability of q)isomal or integrated 
microinjected plasmids. Bright field image on the left is of the p81 injected 
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embryo. The p8l injected embryo depicts fluorescence in nearly all cells by one 
week post-injection. In contrast, a mosaic pattern of expression in a minority of 
cells in pCisAV.GFPori injected embryos. The pCisAV.GFPori plasmid 
contains the idaitical promoter sequraces driving GFP gene expression and two 
5 ITRs separated by stufifer sequence. These findings demonstrate that specific 
structural characteristics found within AAV circular intermediates are 
responsible for increased persistence of transgene expressioiL 

Figure 14. Mechanistic scheme for determining pathways for rAAV 
circular concatam^ formation. The two independent vectors used in these 

1 0 studies, AV. Alkphos and AV,GFP3.ori, are shown in Panel A . Restriction sites 
important in the structural analysis of circular intermediates are also shown. In 
Panel B, a schematic representation of two potOTtial models for circular 
concatamer formation is depicted, along with the methods to experimentally 
dififCTentiate which of these processes is active in muscle. Following co- 

15 infection of the tibialis muscle with AV.Alkphos and AV.GFP3.ori, all 
subsequently rescued plasmids arise solely &om circular intermediates 
containing AV.GFP3ori genomes. If rolling circular replication is the sole 
mechanism of concatamerization, only GFP repressing plasmids should be 
rescued. In contrast, if intennolecular recombination between independoitly 

20 formed monomer circular intermediates is the mechanism of concatamerization, 
both GFP and GFP/Alkphos expressing plasmids should be rescued. 

Figure 15. Co-infection of tibialis muscle of mice with AV.Alkphos and 
AV.GFP3ori. Transgene expression of rAAV infected tibialis muscle was 
determined at 14, 35, 80 (Panels A and A'), and 120 (Panels B-D) days 

25 foUowmg co-infection with 5 x 10^ DNA particles each of AV.Alkphos and 
AV,GFP3ori. The time course of transgene »pression started around 14 days 
and peaked by 35-80 days. The extent of co-infection of myofibers with botii 
Alkphos and GFP rAAV was determmed in serial sections of 80 and 120 day 
post-infection muscle samples. Panels A-C represent GFP fluorescence of 

30 formalin fixed, cryoprotected sections, while panels A'-C depict the 

histochemical staining for Alkaline phosphatase in adjacent serial sections. A 
short staining time (7 minutes) was necessary to observe variation in staining 
levels for comparison to GFP. It was found that longer staining times 
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(30 minutes) saturated the Alkphos signal. The boxed region in panels B and B' 
are enlarged in panels C and C respectively. A more precise coxrelation of GFP 
and Alkphos staining in myofibers is given in Panel D in which co-localization 
of GFP and Alkphos expression was examined in the same section of a 120 day 

5 post-infected sample. This was performed by photographing the GFP 

fluorescent image prior to staining for AIlq>hos activity. The left panel of D 
shows a high power Nomarski photomicrograph of a group of myofibCTS (traced 
in red) , while the corresponding GFP and Alkphos staining patterns are shown 
in the right panel. Photomicrographs of Alkphos staining were taken with a red 

10 filter to allow for superimposition of staining patterns with GFP fluorescence. 
Co-expression of Alkphos and GFP is shown within myofibers as a 
yellow/orange color. Myofibers are mariced as follows: (-) negative for both 
Alkphos and GFP, (♦) positive for only GFP, and (+) positive for both GFP and 
Alkphos. 

1 5 Figure 1 6. Rescue of circular intermediates and characterization of DNA 

hybridization patterns. Using the ampicillin resistance gene (amp) and bacterial 
ori incorporated into the AV.GFP3ori vector, the extent of circular intermediate 
formation was assessed by rescuing amp resistant plasmids following 
transformation of 1/5 the isolated Hirt DNA into E. coli Sure cells. Twenty 

20 plasmids bom each muscle sample were prepared and analyzed by slot blot 
hybridization agairist GFP, Alkphos, and Amp ^^P-labeled DNA probes. A 
representative group demonstrating the hybridization patterns is shown in Panel 
A. Panel B depicts the mean (+/-SEM) numb^ of rescued bacterial plasmids 
that hybridized to either GPF alone, or to both GFP and Alkphos probes, 

25 following transformation of 1/5* of the Hirt DNA. These numbers w^ 

calculated from the percentage of plasmids hybridizing to GPF and/or AUq)hos 
and the total CPU plating efficiency derived fiom the original transformation. In 
total, 3 independent muscle samples were analyzed for a total of 60 plasmids at 
each time point The percentage ofGFP hybridization positive rescued plasmids 

30 that also demonstrated hybridization to Alkphos is shown in Panel C. These data 
demonstrate an increase in the abundance of rescued GFP/Alkphos co-encoding 
circular intOTnediates over time. 
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Figure 1 7. Transgene expx«ssion from rescued circular intennediates. 
Rescued circular intermediate plasmids were transfected into 293 cells for 
assessment of their ability to express encoded transgenes. In these studies all 
GFP hybridization positive clones from at least two muscles were tested for each 

5 time point and scored for their ability to express GFP and Alkaline phosphatase. 
In total at least 40 clones were evaluated for each time point Three pattems of 
transgene expression were observed following ttansfection of these plasmids: I) 
no gene expression (Panel A), II) GFP expression only (Panel B), and IE) GFP 
and Alkphos expression (Panel Q. Panels A-C depict Nomarski 

10 photomicrographs (left) of GFP fluorescent fields (cento:) and Alkphos staining 
of a different field from the same culture (ri^t). The percentage of GFP 
hybridization positive clones that also expressed GFP is shown in Panel D. 
Additionally, this panel illustrates the percentage of GFP expressing clones also 

expressing Alkphos. 
1 5 Figure 1 8. Structoirai analysis of bi-fimctional concatamer circular 

intermediates. To fully characterize the nature of GFP and Allq)hos co- 
expressing circular intermediates, detailed structural analyses were performed 
using restriction enzyme mapping and Southern blot hybridization with GFP, 
Alkphos, and ITR '^-labeled probes. Resuhs from Southern blot analysis of 
20 plasmid clone^SS (Panel A) and clone #5 (Panel C) are given as representative 
examples of circular intermediates isolated from 80 and 35 day Hirt DNA of 
rAAV infected muscle, respectively. Agarose gels were run in tripUcate for each 
of these clones and Southern blot filters were hybridized with one of the three 
DNA probes as indicated below eadi autoradiogram. Molecular weights Qsb) are 
25 indicated to the left of the ethidium stained agarose gd and restriction enzymes 
are marked on the top of each gel/filter. Panels B and D give the deduced 
structure of plasmid clones #33 and #5, respectively, as based on Soufliemblot 
analysis. For ease of comparison with the restriction maps of flie viral genomes 
given in Figure 14A, the position of restriction enzyme sites (Id)) are mariced 
30 with the indicated orientation of intact viral genomes. However, in clone #33 a 
deletion occurred between the Asel and HindlE site of a head-to-tail array 
between AV. Alkphos and AV.GFP3ori, as reflected by a 900 bp reduction in the 
anticipated size of HindDI/Notl and Clal/Asel fragments (mariad by asterisks in 
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Panel A). Fuitheraiore, the SphI site flanldiig an ITR was ablated in clone #5 
(bands effected by this deletion are marked by asterisks in Panel C). The 
deletion is not reflected in the overall concatamer since the exact region involved 
and/or the size of the deletion is unclear. Additionally, chemical sequence 

5 evidence of rescued circular intermediates suggests that the predominant form of 
ITR arrays may be in a double-D structure (ie., one ITR flanked by two D- 
sequence rather than two ITRs) and hence ITR arrays containing j&agments may 
appear 147 bp shorter than indicated. However, to more easily depict the 
orientation of viral genomes, the position of 5 'and 3' ITRs is indicated rather 

1 0 than representing a single ITR at these junctions. 

Figure 19. Application of rAAV circular concatamers to deliver trans- 
splicing vectors with large gene inserts. Panel A depicts two rAAV vectors 
encoding two halves of a cDNA (red) and flanked by splice site consensus 
sequences (brown). Panel B depicts one potential type of intermolecular 

1 5 concatamCT following co-infection of cells with the independent vectors shown 
in panel A. Full length transgene mRNA can then be produced by splicing 
between these two vector encoded sequences within circular concatamers, 
ftfitailed Desf riptiftn of the Invcption 

Dftfinitinns 

20 As used herein, the terms "isolated and/or purified" refer to in vitro 

preparation, isolation and/or purification of a nucleic acid molecule of the 
invention, so that it is not associated with in vivo substances. 

As used herein, a DNA molecule, sequence or segment of the invention 
preferably is biologically active, A biologically active DNA molecule of the 

25 invration has at least about 1%, more preferably at least about 10%, and more 
preferably at least about 50%, of the activity of a DNA molecule comprismg ITR 
sequences fi'om a circular intermediate of AAV, e.g., a DNA molecule 
comprismg SEQ ID N0:3, SEQ ID N0:4, SEQ ID N0:5, SEQ ID N0:6, or a 
subunit or variant thereof. The activity of a nucleic acid molecule of the 

30 invention can be measured by methods well known to the art, some of which arb 
described hereinbelow. For example, the presOTce of the DNA molecule in a 
recombinant nucleic acid molecule in a host cell results in episomal persistence 
and/or increased abimdance of the recombinant molecule in those cells relative to 
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corresponding cells having a recombinant nucleic acid molecule lacking a DNA 
molecule of the invention. 

A variant DNA molecule, sequence or segment of the invention has at 
least about 70%, preferably at least about 80%, and more preferably at least 

5 about 90%, but less than 100%, contiguous nucleotide sequmce homology or 
identity to a DNA molecule comprising ITR sequences from a circular 
intennediate of AAV, e.g., SEQ ID NO:3, SEQ ID N0:4. SEQ ID N0:5, SEQ 
ID NO:6, a subunit thereof A variant DNA molecule of the invmtion may 
include nucleotide bases not present in SEQ ID N0:3, SEQ ID NO:4, SEQ ID 

10 N0:5, SEQ ID N0:6, e.g., 5', 3' or internal deletions or insertions, such as the 
insertion of a restriction endonuclease recognition site, so long as these bases do 
not substantially reduce the biological activity of the molecule. A substantial 
reduction in activity means a reduction in activity of greater than about 50%, 
preferably greater than about 90%. 

15 T Trif^ntificaHnn nf >Jiide i r. AcM Molecules Falling Within the SCOHS Of the 

Invention 

A ^sfVf^lftin Arid M n1eriile<; of the Invention 

1 f^ftiTi-refi nf the Ni TrJ^iV. And Kfniemiles of the Invention 

Sources of nucleotide sequences from which the presmt nucleic acid 

20 molecules can be obtained include AAV nifected cells, e.g-, any vertebrate, 
preferably mammalian, cellular source. 

As used herein, the terais "isolated and/or purified" refer to in vitro 
isolation of a nucleic acid, e.g., DNA molecule from its natural cellular 
environmait, and from association with other components of the cell, such as 

25 nucleic acid or polypeptide, so that it can be sequenced, rqplicated, and/or 
expressed. For example, "isolated nucleic arid'* is RNA or DNA containmg 
greater than about 50, preferably about 300, and more preferably about 500 or 
more, sequential nucleotide bases that comprise a DNA segment from a circular 
intOTnediate of AAV which contains at least a portion of the 5' and 3 ' ITRs and 

30 the D sequence, or a variant thereof; that is complementary or hybridizes, 
respectively, to AAV ITR DNA and remains stably bound under stringent 
conditions, as defined by methods well known in the art, e.g., in Sambrook et al., 
1989. Thus, the RNA or DNA is "isolated** in that it is free from at least one 
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contaminating nucleic acid with which it is nonnally associated in the natural 
source of the RNA or DNA and is preferably substantially free of any olher 
mammalian RNA or DNA. The phrase "free from at least one contaminating 
source nucleic acid with which it is noraially associated" includes the case where 

5 the nucleic acid is reintroduced into the source or natural cell but is in a different 
chromosomal location or is othawise flanked by nucleic acid sequences not 
nonnally found in the source cell, e.g., in a vector or plasmid. An example of 
isolated nucleic acid within the scope of the invention is nucleic acid that shares 
at least about 80%, preferably at least about 90%, and more preferably at least 

10 about 95%, sequence identity with SEQ ID N0:3, SEQ ID N0:4, SEQ ID N0:5 
or SEQ ID N0:6, or a subunit thereof. 

As used herein, the torn "recombinant nucleic acid" or '^preselected 
nucleic acid,'* e.g., 'Recombinant DNA sequence or segment" or "preselected 
DNA sequence or segment** refers to a nucleic acid, e.g., to DNA, that has been 

15 derived or isolated from any appropriate cellular source, that may be 

subsequently chemically altared in vitro, so that its sequence is not naturally 
occurring, or corresponds to naturally occurring sequences that are not 
positioned as they would be positioned in a genome which has not been 
transformed with exogaious DNA. An exan^le of preselected DNA "derived" 

20 from a source, would be a DNA sequence that is identified as a usefiil fragment 
within a given organism, and which is thai chemically synthesized m essentially 
pure form. An example of such DNA "isolated** from a source would be a useful 
DNA sequence that is excised or removed from said source by chemical means, 
e.g., by the use of restriction endonucleases, so that it can be further 

25 manipulated, e.g., amplified, for use in the invention, by the methodology of 
genetic cngineaing. ' 

Thus, recovery or isolation of a givai fiagmcnt of DNA from a restriction 
digest can employ separation of the digest on polyacrylamide or agarose gel by 
electrophoresis, identification of the firagment of interest by comparison of its 

30 mobiliiy versus that of marker DNA fragments of known molecular weight, 

removal of the gel section containing the desired firagment, and separation of the 
gel from DNA. See Lawn et al., Nucleic Acids Res., 2, 6103 (1981), and 
Goeddel et al.. NiirlftT^ AriHRT^e<;.. fi, 4057 (1980). Therefore, **preselected 
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DNA" includes coii:q>letely synthetic DNA sequences, semi-synthetic DNA 
sequences, DNA sequences isolated ftom biological sources, and DNA 
sequences derived ftom RNA, as well as mixtures thereo£ 

Nucleic acid molecules having base pair substitutions (i.e., variants) are 

5 prepared by a variety of methods known in the art. These methods include, but 
are not limited to, isolation from a natural source (in the case of naturally 
occurring sequoice variants) or preparation by oligonucleotide-mediated (or site- 
directed) mutagenesis, PGR mutagenesis, and cassette mutagenesis of an earlier 
prepared variant or a non- variant version of the nucleic acid molecule, 

1 0 Oligonucleotide-mediated mutagenesis is a preferred method for 

preparing substitution variants. This technique is well known in the art as 
described by Adehnan et al., DNA, 2, 183 (1983). Briefly, AAV DNA is altered 
by hybridizing an oligonucleotide encoding the desired mutation to a DNA 
template, wh^e the template is the single-stranded form of a plasmid or 

15 bactOTophage containing the unaltered or native DNA sequence of AAV. After 
hybridization, a DNA polymerase is used to synthesize an catixe second 
complementary strand of the template that will thus incorporate the 
oligonucleotide primer, and will code for the selected alteration in the AAV 
DNA. 

20 Generally, oligonucleotides of at least 25 nucleotides in length are used. 

An optimal oligonucleotide will have 12 to 15 nucleotides that are completely 
complementary to the template on either side of the nucleotide(s) coding for the 
mutation. This ensures that the oligonucleotide will hybridize properly to the 
single-stranded DNA template molecule. The oligonucleotides are readily 

25 synttiesized using technique known in the art such as that described by Crea et 

al., Prnr Mat! Arad Sri TI S.A.. 25, 5765 (1978), 

The DNA template can be generated by those vectors fliat are either 
derived from bacteriophage M13 vectors (the commezcially available M13mpl8 
and M13mpl9 vectors are suitable), or those vectors that contain a single- 
30 stranded phage origin of replication as described by Viera et al., Meth, BuzymoL, 
152, 3 (1987). Thus, the DNA that is to be mutated may be inserted into one of 
these vectors to generate single-stranded template. Production of the single- 
stranded template is described in Sections 4.21-4.41 of Sambrook et al., 
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MnWiilarrintimg- A Lah nratnry Manual (Cold Spring Harbor Laboratory 

Press, N.Y: 1989). 

Altanatively, single-stranded DNA template may be generated by 
denaturing double-stranded plasmid (or other) DNA xxsing standard techniques. 

5 For alteration of the native DNA sequence (to generate axnino acid 

sequence variants, for example), the oligonucleotide is hybridized to the single- 
stranded template under suitable hybridization conditions. A DNA poljonerizing 
enzyme, usually the Klehow fragment of DNA polymerase I, is then added to 
synthesize the complementary strand of the template using the oligonucleotide as 

10 a primer for synthesis. A heterod^plex molecule is thus formed such that one 
strand of DNA encodes the mutated form of AAV, and the other strand (the 
original template) encodes the. native, unaltered sequence of AAV. This 
heteroduplex molecule is then transformed into a suitable host cell, usually a 
prokaryote such as E. coli JMlOl . After the cells are grown, they are plated onto 

1 5 agarose plates and screened using the oligonucleotide primer radiolabeled with 
32-phosphate to identify the bacterial colonies that contain the mutated DNA. 
The mutated region is then removed and placed in an appropriate vector, 
generally an expression vector of flie type typically employed for transformation 
of an appropriate host 

20 The method described immediately above may be modified such that a 

homoduplex molecule is created wherein both strands of the plasmid contain the 
mutations(s). The modifications are as follows: The single-stranded 
oligonucleotide is armealed to the single-stranded template as described above. 
A mixture of three deoxyribonucleotides, deoxyriboadenosine (dATP), 

25 deoxyriboguanosine (dGTP), and deoxyribothymidine (dTTP), is combined with 
a modified thiodeoxyribocytosine called dCTP-(aS) (which can be obtained 
fiom the AmCTsham Corporation). This mixture is added to the template- 
oligonucleotide complex. Upon addition of DNA polymerase to this mixture, a 
strand of DNA identical to the template excq)t for the mutated bases is 

30 generated. In addition, this new strand of DNA will contain dCTP-(aS) instead 
of dCTP, which serves to protect it from restriction endonuclease digestion. 

AftCT the template strand of the double-stranded heteroduplex is nicked 
with an appropriate restriction enzyme, the template strand can be digested with 
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Exoin nuclease or another appropriate nuclease past the region that contains the 
site(s) to be mutagenized. The reaction is then stopped to leave a molecule that 
is only partially single-stranded. A complete double-stranded DNA homoduplex 
is then formed using DNA polymerase in the presence of all four 

5 deoxyribonucleotide triphosphates, ATP, and DNA ligase. This homoduplex 
molecule can then be transformed into a suitable host cell such as E. coli JMlOl . 

For example, a preferred embodiment of the invention is an isolated and 
purified DNA molecule comprising a DNA segment comprising SEQ ID NO:3, 
SEQ ID NG:4, SEQ ID N0:5, SEQ ID N0:6, a subunit thereof or a variant 

1 0 thereof having nucleotide substitutions, or deletions or insertions. 

n Prpparafinn of Molecnlef; T Jsefii l to Prar.hre the Methods of the Tnvcntion 

A. Nncleir Acid Molecules 

1 ■ rhimftrir FYp re5;sion Cassettes 

To prepare expression cassettes for transformation herein, the 

15 recombinant or preselected DNA sequence or segment may be circular or linear, 
double-stranded or single-stranded Generally, the preselected DNA sequence or 
segment is in the form of chuneric DNA^ such as plasmid DNA, that can also 
contain coding regions flanked by control sequfflces which promote the 
e}q)ression of the preselected DNA present in the resultant cell line. 

20 As used herein, ^'chimOTC** means that a vector comprises DNA from at 

least two different species, or comprises DNA from the same species, which is 
linked or associated in a manner which does not occur in the '"native*' or wild 
type of the q^ecies. 

Aside from the preselected DNA sequences described above, a portion of 

25 the preselected DNA may s«ve a regulatory or a slriujturalfunction^ For 

©cample, the preselected DNA may itself comprise a promoter that is active in 
mammalian cells, or may utilize a promoter already pres^ in the gaiome that is 
the transformation target. Such promoters include the CMV promoter, as well as 
the SV40 late promoter and retroviral LTRs (long terminal repeat elements), 

30 although many other promoter elements well known to the art may be employed 
in the practice of the invention. 

Other elements functional in the host cells, such as introns, enhancers, 
polyadenylation sequences and the like, may also be a part of the preselected 
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DNA, Such elements may or may not be necessary for the function of the DNA, 
but may provide improved expression of the DNA by affecting transcription, 
stability of the mRNA, or the like. Such elements may be included in the DNA 
as desired to obtain the optimal perfonnance of the transfonning DNA in the 
5 cell, 

"Control sequences" is defined to mean DNA sequences necessary for 
the expression of an operably linked coding sequence in a particular host 
organism. The control sequences that are suitable for prokaryotic cells, for 
example, include a promoter, and optionally an operator sequence, and a 

10 ribosome binding site. Eukaryotic cells are known to utilize promoters, 
polyadenylation signals, and enhancers. 

"Operably linked" is defined to mean that the nucleic acids are placed in 
a functional relationship with another nucleic acid sequence. For example, DNA 
for a presequence or secretory leader is operably linked to DNA for a peptide or 

15 polypeptide if it is expressed as a preprotein that participates in the secretion of 
the peptide or polypeptide; a promoter or enhancer is operably linked to a coding 
sequence if it affects the transcription of the sequence; or a ribosome binding site 
is op^iably linked to a coding sequence if it is positioned so as to facilitate 
translation. Generally, "operably linked" means that the DNA sequences being 

20 linked are contiguous and, ia the case of a secretory leader, contiguous and in 
reading phase. However, enhancers do not have to be contiguous. Linking is 
accomplished by ligation at convenient restriction sites. If such sites do not 
exist, the synthetic oligonucleotide adaptors or linkers are used in accord with 
conventional practice. 

25 The preselected DNA to be introduced into the cells furflier will generally 

contain either a selectable nmker gene or a reporter gene or both to fecilitate 
identification and selection of transformed cells bom the population of cells 
sought to be transfonned. Alternatively, the selectable marker may be carried on 
a separate piece of DNA and used in a co-transfonnation procedure. Both 

30 selectable markers and reporter genes may be flanked with appropriate 

regulatory sequences to enable expression in the host cells. Useful selectable 
markers are well known in the art and include, for example, antibiotic and 
herbicide-resistance genes, such as neo, hpt, dhfr, bar, aroA, dapA and the like. 
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See also, the genes listed on Table I of Lundquist et ai. (U.S. Patent No. 
5,848,956). 

R^rter genes are used for identifying potentially transfonned cells and 
for evaluating the functionality of regulatory sequences. Reporter genes which 
5 encode for easily assayable proteins are well known in the art. In general, a 
rqK>rter gene is a gene which is not presait in or expressed by the recipirat 
organism or tissue and which encodes a protdn whose expression is manifested 
by some easily detectable property, e.g., enzymatic activity. Preferred genes 
include the chloramphenicol acetyl transferase gene (cat) from Tn9 of £. colU the 

10 beta-glucuronidase gene (gxis) of the uidA locus ofE, colU and the luciferase 
gene from firefly Photinus pyralis. Expression of the reporter gene is assayed at 
a suitable time after the DNA has been introduced into the recipient cells. 

The general methods for constructing recombinant DNA which can 
transform target cells are well known to those skilled in the art, and the same 

1 5 compositions and methods of construction may be utilized to produce the DNA 
useful herein. For example, J. Sambrook et al., Mnlennlar rinning? A 
Laboratory Manual^ Cold Spring Haibor Laboratory Press (2d ed., 1989), 
provides suitable methods of construction. 
2. Transformatinn into Host Tells 

20 The recombinant DNA can be readily introduced into the host cells, e.g., 

mammalian, bacterial, yeast or insect cells by transfection with an expression 
vector of the invention, by any procedure useful for the introduction into a 
particular cell, e.g., physical or biological methods, to yield a transformed cell 
having the recombinant DNA stably integrated into its genoitie or present as an 

25 episome which can persist m the transformed cells, so that the DNA molecules, 
sequnces, or segmoits, of the presoit invention are maintained and/or expressed 
by the host cell- 
Physical methods to introduce a preselected DNA into a host cell include 
calcium phosphate precipitation, lipofection, particle bombardment, 

30 microinjection, electroporation, and fte like. Biological methods to introduce 
the DNA of inters into a host cell include the use of DNA and RNA viral 
vectors. The main advantage of physical methods is that they are not associated 
with pathological or oncogenic processes of viruses. However, they are less 
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precise, often resulting in multiple copy insertions, random integration, 
disruption of foreign and endogenous gene sequences, and unpredictable 
expression. 

As used herein, the term "cell line" or "host cell" is intended to refer to 
5 well-characterized homogaious, biologically pure populations of cells. These 
cells may be eukaryotic cells that are neoplastic or which have been 
"mmiortalized" in vitro by methods known in the art, as well as primary cells, or 
prokaryotic cells. The cell hne or host cell is preferably of mammalian origin, 
but cell lines or host cells of non-mammatian origin may be employed, including 
1 0 plant, insect, yeast, fungal or bacterial sources. Generally, the preselected DNA 
sequence is related to a DNA sequence which is resident in the genome of the 
host cell but is not expressed, or not highly expressed, or, alternatively, 
overexpressed. 

"Transfected" or ^transformed" is used herein to include any host cell or 
1 5 cell hne, the genome of which has been altered or augmented by the presence of 
at least one preselected DNA sequence, which DNA is also referred to in the art 
of gmetic engineering as ^^heterologous DNA," ^^recombinant DNA," 
"exogenous DNA," "genetically engineered,'' "non-nadve," or *1Foreign DNA," 
wha:ein said DNA was isolated and introduced into the genome of the host cell 
20 or cell line by the process of genetic engineering. The host cells of the present 
invention are typically produced by transfection with a DNA sequence in a 
plasmid expression vector, a viral expression vector, or as an isolated linear 
DNA sequence. 

To confirm the presence of the preselected DNA sequence in the host 
25 cell, a variety of assays may be performed. Sudi assays include, for exanq)le, 
"molecular biologicaT' assays well known to those of skill in the art, such as 
Southern and Northern blotting, RT-PCR and PGR; "biochemical" assays, such 
as detecting the presence of a polypeptide expressed from a gene present in tiie 
vector, e.g., by inamunological means (immunoprecipitations, immunoafSnity 
30 columns, ELISAs and Westem blots) or by any other assay useful to identify 
molecules Calling within the scope of the invention. 

To detect and quantitate RNA produced from introduced DNA segments, 
RT-PCR may be employed. In this application of PGR, it is first necessary to 

26 



wo 99/60146 



PCTAJS99/1I197 



reverse transcribe RNA into DNA, using enzymes such as reverse transcriptase, 
and then through the use of convoitionai PGR techniques amplify the DNA. In 
most instances PGR techniques, while useful, will not demonstrate integrity of 
the RNA product Further information about the nature of the RNA product may 

5 be obtained by Northem blotting* This technique demonstrates the presence of 
an RNA species and gives information about the integrity of that RNA. The 
presence or absence of an RNA species can also be determined using dot or slot 
blot Northem hybridizations. These techniques are modifications of Northem 
blotting and only demonstrate the presence or absence of an RNA species. 

1 0 While Southern blotting and PGR may be used to detect the DNA 

segment in question, they do not provide information as to whether the DNA 
segment is being expressed. Expression may be evaluated by specifically 
identifying the polypeptide products of the introduced DNA sequences or 
evaluating the phenotypic changes brought about by the expression of the 

15 introduced DNA segment in the host cell. 

TTT. Dofiages, FnT7nulat inn<; and Rquff^ of AdTninistration 

Administration of a nucleic acid molecule may be accomplished through 
the introduction of cells transformed with the nucleic acid molecule (see, for 
example, WO 93/02556), the administration of the nucleic acid molecule itself 

20 - (see, for example, Feigner et al., U.S. Patent No. 5,580,859, PardoU et al., 
Tmmtmity ^ 165 (1995); Stevenson et al., Tmmimol, Rev., 145, 21 1 (1995); 
MoUing, J. Mnl, Med., 25, 242 (1997); Donnelly et al., Ann. N.Y. Acad. Sci., 
222, 40 (1995); Yang et al„ MaI M^d Today. 2, 476 (1996); AbdaUah et al., 
Biol. Cell, fiS, 1 (1995)), through infection with a recombinant virus or via 

25 liposomes. Pharmaceutical formulations, dosages and routes of adniinistration 
for nucleic acids are generally disclosed, for example, in Feigner et al., supra. 

Administration of the therapeutic agmits in accordance with the present 
invention may be continuous or intermittent, depmding, for example, upon the 
recipient's physiological condition, whether the purpose of the administration is 

30 therapeutic or prophylactic, and other factors known to skilled practitioners. The 
administration of the agents of the invention may be essentially continuous over 
a preselected period of time or may be in a series of spaced doses. Both local 
and systemic administration is contemplated. When the molecules of the 
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invention are employed for prophylactic purposes, agents of the invention are 
amenable to chronic use, preferably by systemic administration. 

One or more suitable unit dosage forms comprising the therapeutic agents 
of the invention, which, as discussed below, may optionally be formulated for 

5 sustained release, can be administered by a variety of routes including oral, or 
parenteral, including by rectal, transdemial, subcutaneous, intravenous, 
intramuscular, intraperitoneal, intrathoracic, intr^ulmonaiy and intranasal 
routes. The fonnulations may, where appropriate, be conveniently presented in 
discrete unit dosage forms and may be prepared by any of the methods well 

1 0 known to pharmacy. Such methods may include the step of bringing into 

association the therapeutic agent with hquid carriers, solid matrices, semi-solid 
carriers, finely divided solid carriers or combinations thCTeof, and then, if 
necessary, introducing or shaping the product into the desired delivery system. 
When the thenq[)eutic agents of the invoation are prepared for oral 

1 5 administration, they are preferably combined with a pharmaceutically acceptable 
carrier, diluent or excipient to form a pharmaceutical formulation, or unit dosage 
form. The total active ingredients in such formulations comprise from 0.1 to 
99.9% by weight of the formulation. By **phannaceutically acceptable" it is 
meant the caiiier, diluent, excipient, and/or salt must be compatible with the 

20 other ingredients of the formulation, and not deleterious to the recipient thereof. 
The active ingredient for oral administration may be present as a powder or as 
granules; as a solution^ a suspension or an emulsion; or in achievable base such 
as a synthetic resin for ingestion of the active ingredients firom a chewing gum. 
The active ingredient may also be presented as a bolus, electuary or paste. 

25 Pharmaceutical formulations containing the therapeutic agents of the 

invention can be prepared by procedures known in the art using well known and 
readily available ingredients. For example, the agent can be formulated with 
common excipients, diluents, or carriers, and formed into tablets, c^^sules, 
suspensions, powders, and the like. Examples of excipients, diluents, and 

30 carriers that are suitable for such formulations include the following fillers and 
extenders such as starch, sugars, mannitol, and silicic derivatives; binding agents 
such as carboxymethyl cellulose, HPMC and other cellulose derivatives, 
alginates, gelatin, and polyvinyl-pyrrolidone; moisturizing agents such as 
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glycerol; disintegrating agents such as calcium carbonate and sodium 
bicarbonate; agents for r^arding dissolution such as paraffin; resorption 
accelerators such as quaternary ammonium compounds; sur&ce active agents 
such as cetyl alcohol, glycerol monostearate; adsoiptive carriers such as kaolin 
S and bentonite; and lubricants such as talc, calcium and magnesium stearate, and 
solid polyethyl glycols. 

For exanqple, tablets or caplets containing the agents of the invention can 
include buffering agents such as calcium carbonate, magnesium oxide and 
magnesium carbonate. Caplets and tablets can also include inactive ingredients 

10 such as cellulose, pregelatinized starch, silicon dioxide, hydroxy propyl methyl 
cellulose, magnesium stearate, microcrystalline cellulose, starch, talc, titanium 
dioxide, benzoic acid, citric acid, com starch, mineral oil, polypropylene glycol, 
sodium phosphate, and zinc stearate, and the like. Hard or soft gelatin capsules 
containing an agent of the invention can contain inactive ingredirats such as 

15 gelatin, microcrystalline cellulose, sodium lauryl sulfate, starch, talc, and 
titanium dioxide, and the like, as well as liquid vehicles such as polyethylene 
glycols (PEGs) and vegetable oil. Moreover, oiteric coated caplets or tablets of 
an agent of the invention are designed to resist disintegration in the stomach and 
dissolve in the more neutral to alkaline environment of the duodenmn. 

20 The therapeutic agents of the invention can also be formulated as elixirs 

or solutions for convenient oral administration or as solutions s^propriate for 
parenteral administration, for instance by intramuscular, subcutaneous or 
intravenous routes. 

The pharmaceutical formulations of the therapeutic agents of the 

25 invention can also take the form of an aqueous or anhydrous solution or 
dispersion, or alternatively the form of an onulsion or su^ension. 

Thus, the therapeutic agent may be foraiulated for parenteral 
administration (e.g., by mjection, for example, bolus injection or continuous 
infusion) and may be presented in unit dose form in ampules, pre-fiUed syringes, 

30 small volume infusion containas or in multi-dose containers with an added 
preservative. The active ingredients may take such fomis as suspensions, 
solutions, or emulsions m oily or aqueous vehicles, and may contain formulatory 
agents such as suspending, stabilizing and/or dispersing agOTts. Alternatively, 
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the active ingredients may be in powder form, obtained by aseptic isolation of 
sterile solid or by lyophilization from solution, for constitution with a suitable 
vehicle, e.g., sterile, pyrogen-free water, before use. 

These formulations can contain phannaceutically acceptable vehicles and 
5 adjuvants which are well known in the prior art It is possible, for exanq)le, to 
prepare solutions using one or more organic solvent(s) that is/are accq)table 
from the physiological standpoint, chosen, in addition to water, from solvents 
such as acetone, ethanol, isopropyl alcohol, glycol ethers such as the products 
sold under the name "Dowanol", polyglycols and polyethylene glycols, C^-C^ 
10 alkyl esters of short-chain acids, preferably ethyl or isopropyl lactate, fatty acid 
triglycerides such as the products maiteted under the name "Miglyol", isopropyl 
myristate, animal, mineral and vegetable oils and polysiloxanes. 

The compositions according to the invention can also contain thickening 
agents such as cellulose and/or cellulose derivatives. They can also contain 
15 gums such as xanthan, guar or caibo gum or gum arable, or alternatively 
polyethylene glycols, bentones and montmoriUonites, and the like. 

It is possible to add, if necessary, an adjuvant chosen from antioxidants, 
surfiictants, otiier preservatives, film-forming, kaatolytic or comedolytic agents, 
perfimies and colorings. Also, other active ingredients may be added, whether 
20 for the conditions described or some other coitditioiL 

For example, among antioxidants, t-butylhydroquinone, butylated 
hydroxyanisole, butylated hydroxytoluene and a-tocopherol and its derivatives 
may be mentioned. The galenical forms chiefly conditioned for topical 
application take the form of creams, milks, gels, dispersion or microemulsions, 
25 lotions thickened to a greater or lesser extent, impregnated pads, ointments or 
sticks, or alternatively the form of aerosol formulations in spray or foam fonm'or 
alternatively in the form of a cake of so^. 

Additionally, the agents are well suited to formulation as sustamed 
release dosage forms and the like. The formulations can be so constituted tiiat 
30 they release the active ingredient only or prefwably in a particular part of the 
intestinal or respiratory tract, possibly over a period of time. The coatings, 
envelopes, and protective matrices may be made, for exan[q)le, from polymeric 
substances, such as polylactide-glycolates, liposomes, microemulsions, 
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micioparticles, nanoparticles, or waxes. These coatings, envelopes, and 
protective matrices are usefiil to coat indweliing devices, e.g., stents, cath^ers, 
peritoneal dialysis tubing, and the like. 

The ther^eutic agents of the invention can be delivered via patches for 
5 transdennal administration. See U.S. Patent No. 5,560,922 for examples of 
patches suitable for transdennal delivery of a therapeutic agent Patches for 
transdennal delivery can comprise a backing layer and a polymer matrix ix4uch 
has dispersed or dissolved therein a therapeutic agent, along with one or more 
skin penneation ^ihancers. The backing layer can be made of any suitable mate- 

10 rial which is impermeable to the tiierapeutic agent. The backing layer serves as a 
protective cover for the matrix layer and provides also a support function. The 
backing can be formed so that it is essentially the same size layer as the polymer 
matrix or it can be of larger dimension so that it can extend beyond the side of 
the polymer matrix or overlay the side or sides of the polymer matrix and then 

15 can extend outwardly in a manner that the surface of the extension of the backing 
layer can be the base for an adhesive means. Alternatively, the polymer matrix 
can contain, or be fonnulated of, an adhesive polyma-, such as polyacrylate or 
acrylate/vinyl acetate copolymer. For long-term applications it might be desir- 
able to use microporous and/or breathable backing laminates, so hydration or 

20 maceration of the sidn can be minimized. 

Examples of materials suitable for making the backing layw are films of 
high and low density polyethylene, polypropylene, polyurediane, 
polyvinylchloride, polyesters such as poly(ethylene phthalate), metal foils, metal 
foil laminates of such suitable polymer films, and the like. Preferably, tfie 

25 materials used for the backing layer are laminates of such polymer films with a 
metal foil such as aiumintmi foil. In such lanunates, a polymer film of the 
laminate will usually be in contact with the adhesive polymer matrix. 

The backing layer can be any appropriate thickness which will provide 
the desired protective and support Amotions. A suitable thickness will be firom 

30 about 1 0 to about 200 microns. 

Generally, those polymers used to form the biologically acceptable 
adhesive polymer layer are those capable of forming shaped bodies, thin walls or 
coatings through which therapeutic agents can pass at a controlled rate. Suitable 
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polymers are biologically and phannaceutically compatible, nonaltogenic and 
insoluble in and compatible with body fluids or tissues witfi which the device is 
contacted. The use of soluble polymers is to be avoided since dissolution or 
erosion of the matrix by skin moisture would affect the release rate of the 

5 therapeutic agents as well as the capability of the dosage unit to remain in place 
for convenience of removal. 

Exemplary matmals for fabricating the adhesive polymer layer mclude 
polyethylene, polypropylene, polyurethane, ethylene/propylene copolymers, 
ethylene/ethylacrylate copolymers, ethylene/vinyl acetate copolymers, silicone 

10 elastomers, especially the medical-grade polydimethylsiloxanes, neoprene 
rubber, polyisobutylene, polyacrylates, chlorinated polyethylene, polyvinyl 
chloride, vinyl chloride-vinyl acetate copolymer, crosslinked polymethacrylate 
polymers (hydrogel), polyvinylidene chloride, poly(ethylene terephthalate), butyl 
rubber, epichlorohydrin rubbers, ethylenvinyl alcohol copolymers, ethylene- 

15 vinyloxyethanol copolymers; silicone copolymers, for example, polysiloxane- 
polycaibonate copolymers, polysiloxanepolyethylene oxide copolymers, 
polysiloxane-polymethacrylate copolymers, polysiloxane-attylene copolymers 
(e.g., polysiloxane-ethylene copolymers), polysiloxane-alkylenesilane 
copolym^ (e.g., polysiloxane-^ylmesilane copolymers), and the Uke; 

20 cellulose polymers, for example methyl or ethyl ciellulose, hydroxy propyl 
methyl cellulose, and cellulose esters; polycarbonates; polytetrafluoroethylene; 
and the like. 

Preferably, a biologically acceptable adhesive polymer matrix should be 
selected from polymers with glass transition temperatures below room 

25 temperature. The polymer may, but need not necessarily, have a degree of 

crystallinity at room temperature. Cross-linking monomeric units or sites can be 
incorporated into such polymers. For example, cross-linking monomers can be 
incorporated into polyacrylate polymers, which provide sites for cross-linking 
the matrix after dispersing the therapeutic agent into the polymer. Known cross- 

30 linking monomers for polyacrylate polymers include polymethacrylic esters of 
polyols such as butylene diacrylate and dimethacrylate, trimethylol propane 
trimethacrylate and the like. Other monomers which provide such sites include 
allyl acrylate, allyl methacrylate, diallyl maleate and the like, 
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Preferably, a piasticizer and/or humectant is dispersed within the 
adhesive polymer matrix. Water-soluble polyols are geaa^ly suitable for this 
purpose. Incorporation of a humectant in the formulation allows tfie dosage unit 
to absorb moisture on the surface of skin wdrich in turn helps to reduce skin 
5 irritation and to prevent the adhesive polymer layer of the delivery system fix>m 
failing. 

Therapeutic agents released from a transdermal delivery system must be 
capable of penetrating each layer of skiru In order to increase the rate of 
permeation of a therapeutic agent, a transdermal dmg delivery system must be 

1 0 able in particular to increase the permeability of the outermost layer of skin, the 
stratum comeum, which provides the most resistance to the penetration of 
molecules. The fabrication of patches for transdermal delivery of therapeutic 
agents is well known to the art. 

For administration to the upper (nasal) or lower respiratory tract by 

15 inhalation, the therapeutic agents of the invention are conveniratly delivered 
from an insuflOator, nebulizer or a pressurized pack or other convenient means of 
delivering an aerosol spray. Pressurized packs may comprise a suitable 
propellant such as dichlorodifluoromethane, trichlorofluoromethane, 
dichlorotetrafluoroethane, carbon dioxide or other suitable gas. In the case of a 

20 pressurized a^osol, the dosage unit may be determined by providing a valve to 
deliver a metered amount. 

Alternatively, for administration by inhalation or insufiQation, the 
composition may take the form of a dry powder, for example, a powder mix of 
the therapeutic agent and a suitable powder base such as lactose or starch. The 

25 powder composition may be presented in unit dosage form in, for example, 
capsules or cartridges, or, e.g., gelatine or blister packs from which the powder 
may be admmistered with the aid of an mhalator, insufflator or a metered-dose 
inhaler. 

For intra-nasal administration, the ther^eutic agent may be administered 
30 via nose drops, a liquid spray, such as via a plastic bottle atomizer or metered- 
dose inhaler. Typical of atomizers are the Mistometer (Wintrop) and the 
Medihal«:(Riker). 
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The local delivery of the therapeutic agents of the invention can also be 
by a variety of techniques which administer the agent at or near the site of 
disease. Examples of site-specific or targeted local delivery techniques are not 
intended to be limiting but to be illustrative of the techniques available. 

5 Examples include local delivery catheters, such as an infusion or indwelling 
catheter, e.g., a needle infusion catheter, shunts and stents or other implantable 
devices, site specific carriers, direct injection, or direct ^pUcations. 

For topical administration, the ther^utic agents may be formulated as is 
known in the art for direct application to a target area, Convmtional forms for 

1 0 this purpose include wound dressings, coated bandages or other polymer 
coverings, ointments, creams, lotions, pastes, jellies, sprays, and aerosols. 
Ointments and creams may, for example, be formulated with an aqueous or oily 
base with the addition of suitable thickening and/or gelling agents. Lotions may 
be formulated with an aqueous or oily base and will in general also contain one 

15 or more emulsifying agents, stabilizing agents, dispersuig agents, suspending 
agents, thickening agents, or coloring agents. The active ingredients can also be 
delivered via iontophoresis, e.g., as disclosed in U.S. Patent Nos. 4,140,122; 
4,383,529; or 4,051,842. The percent by weight of a therapeutic agent of the 
invention present in a topical formulation will depend on various factors, but 

20 generally will be ftom 0.01 % to 95% of the total weight-of the formulation, and 
typically 0.1-25% by weight. 

Drops, such as eye drops or nose drops, may be formutoted with an 
aqueous or non-aqueous base also comprising one or more dispersing agents, 
solubilizing agents or suspoiding agents. Liquid sprays are coiiveniently 

25 delivered from pressurized packs. Drops can be delivered via a simple eye 
dropper-capped bottle, or via a plastic bottle ad^ted to deliver liquid contrats 
dropwise, via a specially shaped closure. 

The therapeutic agent may further be formulated for topical 
administration in the mouth or throat. For example, the active ingredients may 

30 be formidated as a lozenge further comprising a flavored base, usually sucrose 
and acacia or tragacanth; pastilles comprising the composition in an inert base 
such as gelatin and glycerin or sucrose and acacia; and mouthwashes comprising 
the composition of the present invention in a suitable liquid cairier. 
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The formulatioiis and compositions described herein may also contam 
other ingredients such as antimicrobial agents, or preservatives. Furthermore, 
the active ingredients may also be used in combination with other tiierapeutic 
agents, for example, bronchodilators. 

5 In particular, for delivery of a vector of the invention to a tissue such as 

muscle, any physical or biological method that will introduce the vector into the 
muscle tissue of a host animal can be employed. Vector means both a bare 
recombinant vector and vector DNA packaged into viral coat proteins, as is well 
known for AAV administration. Simply dissolving an AAV vector in phosphate 

1 0 buffered saline has been demonstrated to be sufficient to provide a vehicle useful 
for muscle Ussne expression, and there are no known restrictions on the carriers 
or other components that can be coadministered with the vector (although 
compositions that degrade DNA should be avoided in the normal manner with 
vectors). Pharmaceutical compositions can be prepared as injectable 

1 5 formulations or as topical formulations to be deUvered to the muscles by 

transdermal transport. Numerous formulations for both intramuscular injection 
and transdermal transport have been previously developed and can be used in the 
practice of the invoition. The vectors can be used vnth any pharmaceutically 
acceptable carrier for ease of administration and haiKiling. 

20 For purposes of intramuscular injection, solutions in an adjuvant such as 

sesame or peanut oil or in aqueous propylene glycol can be employed, as well as 
sterile aqueous solutions. Such aqueous solutions can be buffered, if desired, 
and the liquid diluent first rendered isotonic with saline or glucose. Solutions of 
the AAV vector as a free acid (DNA contains acidic phosphate groups) or a 

25 pharmacologically accq)table salt can be prepared in wata* suitably mixed with a 
surfactant such as hydroxypropylcellulose. A diq)ersion of AAV viral particles 
can also be prepared in glycerol, liqtiid polyethylene glycols and mixtures 
thereof and in oils. Under ordinary conditions of storage and use, tibese 
preparations contain a preservative to prevent the growth of microorganisms. In 

30 this connection, the sterile aqueous media employed are all readily obtainable by 
standard techniques well-known to those skilled in the art. 

The pharmaceutical forms suitable for injectable use include sterile 
aqueous solutions or dispersions and sterile powders for the extemporaneous 
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preparation of sterile injectable solutions or dispersions. In aU cases the form 
must be sterile and must be fluid to the extent that easy syringability exists. It 
must be stable under the conditions of manufacture and storage and must be 
preserved against the contaminating action of microorganisms such as bacteria 
5 and fungi. The carrier can be a solvent or dispersion medium containing, for 
example, water, ethanol, polyol (for example, glycerol, propylene glycol liquid 
polyethylene glycol and the like), suitable mixtures thereof, and vegetable oils. 
The proper fluidity can be maintained, for example, by the use of a coating such 
as lecithin, by the maintenance of the required particle size in the case of a 
10 dispersion and by the use of surfactants. The prevention of the action of 
microorganisms can be brought about by various antibacterial and antifungal 
agents, for exanq)le, parabens, chlorobutanol, phenol, sorbic acid, thimerosal and 
the like. In many cases it will be preferable to include isotonic agents, for 
example, sugars or sodium chloride. Prolonged absorption of the injectable 
1 5 compositions can be brought about by use of agents delaying absorption, for 
example, aluminum monostearate and gelatin. 

Sterile injectable solutions are prq?ared by incorporating the AAV vector 
in the required amount in the appropriate solvit with various of the other 
ingredients enumerated above, as required, followed by filtered sterilization. 
20 Generally, dispersions are prepared by incorporating the stailized active 

ingredient into a sterile vehicle which contains the basic diq)ersion medium and 
the required other ingredients from those enumerated above. In the case of 
sterile powders for the preparation of sterile injectable solutions, the preferred 
methods of preparation are vacuum drying and the freeze drying technique which 
25 yield a powder of the active ingredient plus any additional desired ingredient 
from the previously sterile-filtered solution thereof 

For purposes of topical administration, dilute sterile, aqueous solutions 
(usually in about 0.1% to 5% concentration), otherwise similar to the above 
parenteral solutions, are prepared in containers suitable for mcorporation into a 
30 transdermal patch, and can include known carriers, such as pharmaceutical grade 
dimethylsulfoxide (DMSO). 

The therapeutic compounds of this invention may be administered to a 
mamTnal alone or in combination with pharmaceutically acceptable carriers. As 
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noted above, the relative proportions of active ingredi«it and carrier are 
determined by the solubility and chemical nature of the compound, chosen route 
of administration aiKi standard pharmacoitical practice. 

The dosage of the present therapeutic agoits which will be most suitable 
5 for prophylaxis or treatment will vary with the form of administration, the 
particular compound chosen and the physiological characteristics of the 
particular patirat under treatment. Generally, small dosages will be used 
initially and, if necessary, will be increased by small increments until the 
optimum effect under the circumstances is reached Exemplary dosages are set 
1 0 out in the example below. 

Since AAV has been shown to have a broad host range (for pulmonary 
expression) and persists in muscle, the vectors of the invention may be employed 
to express a gene in any animal, and particularly in mammals, birds, fish, and 
rq)tiles, especially domesticated mammals and birds such as cattle, sheep, pigs, 
1 5 horses, dogs, cats, chickens, and turiceys. Both human and veterinary uses are 
particularly preferred. 

The gene being e3q)ressed can be either a DNA segment encoding a 
protein, with whatever control elements (e.g., promoters, operators) are desired 
by the user, or a non-coding DNA segment, the transcription of which produces 
20 all or part of some RNA-containing molecule (such as a transcription control 
element, +KNA, or anti-sense molecule). 

Muscle tissue is a very attractive target for in vivo gene delivery and gene 
ther^y, because it is not a vital organ and is very easy to access. If a disease is 
caused by a defective gene product which is required to be produced and/or 
25 secreted, such as hemophilia, diabetes and Gaucher's disease, and the like, is 
muscle is a good candidate to supply the gene product if the appropriate gene can 
be efiBsctively delivered into the cells. 

Different vectors, such as naked DNA, adenovirus and retrovirus, have 
been utilized to directly deliver various transgenes into muscle tissues. 
30 However, neither system can offer both high efficiency and long-term 

expression. For naked plasmid DNA directly delivered into muscle tissue, the 
efficiency is not higji. There are only a few cells near the injection site that can 
Tn^iTit^in transgene expressiorL Furthermore, the plasmid DNA in the cells 
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remains as non-replicating episomes, i.e., in the unintegrated form. Therefore, it 
will be eventually lost. For adenovirus vector, it can infect the non-dividing 
cells, and therefore, can be directly delivered into the mature tissues such as 
muscle. However, the transgene delivered by adenovirus vectors are not useful 

5 to maintain long-term expression for the following reasons. First, since 
adenovirus vectors still retain most of the viral genes, they are not very safe. 
Moreover, the expression of those genes can cause the immune system to destroy 
the cells containing the vectors (see, for example, Yang et al. 1994, Proc. Natl. 
Acad. Sci. 91 :4407-441 1), Second, since adenovirus is not an integration virus, 

10 its DNA will eventually be diluted or degraded in the cells. Third, due to the 
immune response, adenovirus vector could not be repeatedly delivered In the 
case of lifetime diseases, this will be a major limitation. For retrovirus vectors, 
although they can achieve stable integration into the host chromosomes, their use 
is very restricted because they can only infect dividing cells while a large 

1 5 majority of the muscle cells are non-dividing. 

Adeno-associated virus vectors have certain advantages over the above- 
mentioned vector systems. First, like adenovirus, AAV can efficiently infect 
non-dividing cells. Second, all the AAV viral genes are eliminated in the vector. 
Since the viral-gene-expression-induced immune reaction is no longer a concern, 

20 AAV vectors are safer flian Ad vectors. Thirds, AAV is an integration virus by 
nature, and integration into the host chromosome will stably maintain its 
transgene in the cells. Fourth, AAV is an extremely stable virus, which is 
resistant to many detergents, pH changes and heat (stable at 56^C for more than 
an hour). It can be lyophilized and redissolved widu>ut losing its activity. 

25 Therefore, it is a very promising delivery vehicle for gene therapy. 

The invention will be further described by, but is not limited to, the 
following examples. 

Example 1 

Materials and Methods 
30 Constnirtinn of r A A V 5^hutt1e Vector. 

A recombinant AAV shuttle vector (AV.GFP3ori) which contained a 
GFP transgene cassette, bacterial ampicillin resistance gene, and bacterial origin 
of replication, was generated from a cis-acting plasmid (pCisAV.GFPSori). 
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Expression of the GFP gene was directed by the CMV promoter/enhancer and 
SV40 poly-adenylation sequences. pCisAV.GFPSori was constructed with 
pSub201 derived ITR elements (Samulski et al., 1987) and the intactness of ITR 
sequences was confinned by restriction analysis with Smal and PvuII, and by 
5 sequencing. Recombinant AAV stocks were generated by co-transfection of 
pCisAV.GFP3ori and pRep/Cap together with co-infection of recombinant 
Ad.CMVlacZ in 293 cells (Duan et al., 1997). Following transfection of forty 
150 mm plates, cells were collected at 72 hours by ccntrifugation and 
resuspended in 12 ml of buflfer (10 mM Tris pH 8.0). Virus was released fiom 

10 cells by three cycles of freeze/thawing and passaged through a 25 gauge needle 
six times. Cell lysates were then treated with 1 .3 mg/ml DNase I at ST^'C for 30 
minutes and 1 % deoxycholate (g/ml final) and 0.05% trypsin (g/ml final) at 
37 '^C for 30 minutes. Samples were then placed on ice for 10 minutes and 
centrifuged to remove large particulate material at 3,000 rpm for 30 minutes. 

1 5 rAAV was purified by isopycnic density gradient centrifiigation in CsCl 

(r=l .4) in a SW55 rotor for 72 hours at 35K. Peak firactions of AAV were 
combined and re-purified through two more rounds of CsCl centrifiigation, 
followed by heating at SS^'C for 60 minutes to inactivate all contaminant helper 
adenovirus. Typically, this preparation gave approximate AAV titers of 10*^ 

20 DNA molecules/ml and 2.5 x 10* GFP-^pressing units/mL Recombinant viral 
titCTS were assessed by slot blot and quantified against pCisAV.GFP3ori controls 
for DNA particles. Functional transducing units were quantified by GFP 
transgene expression in 293 cells. The absmce of helper adenovirus was 
confirmed by histochemical staining of rAAV infected 293 ceils for 

25 beta-galactosidase, and no recombinant adenovirus was found in 1 0^^ particles of 
purified rAAV stocks. The absence of significant wtAAV co nt a mi n ati on was 
confirmed by inmnmocytochemical staining of rAAV/Ad co-infected 293 cells 
with anti-Rep antibodies. These studies, which had a sensitivity of 1 wtAAV in 
10*^ rAAV particles, demonstrated an absence of Rep staining as compared to 

30 pRep/Cap plasmid transfected controls. 
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TcAiatinn anr^ Strucmral Hvalua t inTi nf A AV Circular Intermediates From Hela 
Cells. 

Hela cells were grown in 35 nun dishes in DMEM media supplemented 
with 10% fetal calf senmi (FCS). Cells were infected in the presence of 2% FCS 

5 at 80% confiuency with recombinant AV.GFPSori (MOI=1000 paiticles/cell, 1 x 
1 0' total particles/plate) and Hirt DNAs isolated as described by Duan et al. 
(1997) at 6y 12, 24, 48, and 72 hours post-infection. In experiments analyzing 
the effects of adenovirus, plates were co-infected with Ad.CMVLacZ 
(MOI=5000 particles/cell) in the presence of 2%FCS/DMEM, Zero hour 

10 controls were generated by mixing 10^ particles of AV.GFP3ori with cell lysates 
prior to Hirt DNA preparation. Hirt DNA isolated at each time point was used to 
transform E. coli SURE cells (Stratagene, La JoUa, CA.). Typically, I/IO of the 
Hirt DNA preparation was used to transform 40 ml of competent bacteria by 
electioporation. The resultant total number of bacterial colonies was quantified 

1 5 for each time point and the structure of cucular intermediates was evaluated for 
greater tihan 20 plasmid clones for each time point firom two independent 
experiments. Structural determinations were based on restriction enzyme 
analysis using PstI, SphI, Asel single and double digests together with Southern 
blotting against GPP, stuflfer, and FIR probes. 

20 Kvalnatinn nf F7fl ^tiH (TFP pfflft expression in Hela cclls. 

E2a gene expression was evaluated by immunofluorescent staining of 
Hela cells superinfected with El-deleted AdCMVlacZ (MOI= 0, 500, 5000 
particles/cell). Briefly, cells were fixed in metihanol at -20*^0 for 10 minutes 
followed by air drying. Cells were then incubated at room temperature with 

25 hybridoma supernatant against Ad5 72kd DBF (Reich et al., 1983), followed by 
goat anti-mouse-FTTC antibody (5 mg/ml) for 30 minutes at room temperature. 
In studies evaluating augmentation of AAV GFP transgrae expression by 
adenovirus, Hela cells were harvested at 24 or 72 hours post-infection by 
trypsinization, resuspended in 2%FCS/PBS and evaluated by FACS analyses. 

30 Thresholds were set using uninfected controls and the percentage and/or the 
average relative fluorescent intensity was determined by sorting greater than 10^ 
ceils per experiment condition. 
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Rftq^i^rft Analysis of A A V Circular Tntermediates. 

Sequence analysis of the ITR array within circular intennediates was 
performed using primers EL118 (5'-CGGGGGTCGTTGGGCGGTCA-3'; SEQ 
ID N0:1) and EL230 (5^GGGCGGAGCCTATGGAAAA-3'; SEQ ID N0:2) 
5 which are nested to 5 ' and 3 ' ITR sequences, req>ectively . Both circular and 
linearized (with Smal which cuts within ITR sequences) plasmids were 
sequenced. 

ron<;trr^r.Hnn of r A A V <:iiiitt]e Vertnr fltid Tsnlatinn of rimilar Tntermediates. 

1 0 To circumvent the inability to retrieve pre-integration intennediates or as 

stable episomal forms resistant to nuclease digestion, an alternative strategy was 
developed to **trap" circular intermediates using a recombinant AAV shuttle 
vector. Recombinant AV.GFP3ori virus (Figure IB) was generated from a 
cw-acting plasmid (pCisAV.GFP3ori, Figure I A) by co-transfection in 293 cells 

15 with trans-acting plasmids encoding Rep and viral genes. This viral vector 
(AV.GFP3ori) encoded the green fluorescent protein (GFP) reporter gene, a 
bacterial origin of replication (ori), and the bacterial ampiciUui-resistance gene. 
Ori and ampicillin-resistance sequences encoded in this virus allow for the 
rescue of circular AAV genomes formed during the transduction process. 

20 ' To test this strategy, Hela cells were infected with AV,QFP3ori 

(M0I«1 000 particles/cell) and the abundance of circular intermediates was 
evaluated following transformation of low molecular weight cellular Hirt DNA 
into £. coli SURE cells. The presence of circular intermediates was inferred by 
retrievable ampicillin-resistant bacterial colonies. Structural features of circular 

25 intermediates were determined by restriction enzyme analysis and Southern 
blotting with various regions of the provirus, mcluding GFP, Stuffer, and ITR 
sequences. 

The predominant circular form isolated after transduction of Hela cells 
with AV.GFPSori consisted of 4.7 kb monomer-sized molecules (Figure IC). 
30 SphI digestions of these circular intennediates yielded characteristic 300 bp 
bands which hybridized to an ITR probe on Southern blots (Figure 2A). PstI, 
SphI, Asel single and double digests together with Southern blot analysis using 
GFP, Stuffer (data not shown), and ITR (Figure 2A) probes confirmed the 
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Structure of the circular intermediates as head-to-tail monomer genomes (Figure 
1 C). In particular, PstI digests together with HR Southern blots distinguish 
these head-to-tail circular intermediates fiom head-to-head or tail-to-tail circular 
dimers. Similar results obtained with studies on AV.GFP3ori infected 293 cells 
S and primary fibroblasts have confirmed that monoiher head-to-tail circular 
intermediates were also the most abundant form in these cell types. 

Because the predicted molecular weight of an intact head-to-tail ITR 
SphI fragment would be approximately 360 bp, an anomalous migration in 
agarose gels might be due to the high secondary structure of inverted repeats 

1 0 within ITRs. To this end, the head-to-tail orientation of the ITRs, as predicted 
by Southern blot analysis, was confirmed using several sequencing strategies. 
First, the SphI ITR hybridizing fragment of a circular intermediates was 
subcloned into a secondary plasmid vector and sequenced with primers outside 
the ITR cloned sequences. These findings confirmed the head-to-tail orientation 

15 of ITRs. Additionally, sequence was obtained directiy fix)m six monomer 
circular intermediate clones using primers internal to both the 5' and 3' ITRs 
(Figure 2C). In these studies, circular intermediates were digested with Smal 
and the linear 4.6 kb plasmid was gel isolated prior to sequencing. Smal 
digestion (which relaxed the secondary structure of ITRs) was necessary to 

20 obtain sequ^ceiriforniation within the ITRs. The sequencing results presented 
in Figure 2C confirmed the orientation of head-to-tail ITR arrays in these 
intermediates. 

Interestingly, sequencing also revealed several consistent base pair (bp) 
changes in four ofthe six clones analyzed (Figure 2C). These four clones (p79, 

25 p81, p87, and p88) had consistent two bp changes within the D-sequence [G->A 
(122bp) and A->G (125bp)], vMch always occurred together with the bp 1 
alterations m the p5 promoter [A->G(114bp) and A->C(115bp)]. No other 
consistent bp changes were noted except for two clones (p79 and p88) which - 
demonstrated mutations just outside the 3 TTR D-sequence [T->G (381bp) and 

30 T->C(383bp)]. 

Although head-to-tail circular intermediates were the most abundant 
forms present in Hirt DNA from rAAV infected Hela cells, several less frequent 
structures were also detected. These included monomer circularized AAV 
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genomes with one (pl90) and three ITRs (p345) ananged in a head-to-tail 
fashion as well as several clones with an unknown structure lacking complete 
ITRs (p340) (Figure 2A). Such diversity within the ITR array may represent 
homologous recombination in vivo or in bacteria during amplification. However, 
5 previous studies demonstrating similar variations in ITR sequences of 

head-to-tail integrated genomes, surest that such changes in the length of the 
ITR array may occur in vivo (Duan et al., 1997) AdditionaUy, less Sequent 
head-to-tail circularized multimer forms wctb predicted based on &e variation m 
migration patterns of uncut plasmids which gave identical restriction patterns. 
1 0 Results shown in Figure 2B confirmed the existence of monomer and dimer 
head-to-tail circular intermediates using partial digestion with an enzyme which 
cuts once in the AAV genome (Asel). Cumulative analysis of greater than 200 
indqpendaitly isolated circular intermediates fmm Hela cells danonstrated that 
head-to-tail circular AAV genomes occurred in greatest abundance as monomers 
15 (92%) and less frequently as multimers of greater than one genome (8%). 

To establish that head-to-tail circular intamediates were formed in vivo 
and not by non-q)ecific bacterial recombination of linear AAV genomes present 
in the Hirt DNA, a set of reconstitution experiments was performed by which the 
same number of rAAV particles used for infection ecperiments were spiked into 
20 Hela cell ly&ttes prior to Hirt preparations. In 4ese studies, background 
bacterial amplification of Hirt DNA spiked with linear rAAV genomes was 
negligible (Figure 3D) and of the few isolated colonies obtained from these 
controls, none had a predicted head-to-tail structure as assessed by Southern blot 
restriction enzyme analysis (Figure 3E). Additionally, reconstitution 
25 ejqjeriments transforming bactacial with linearized dsDNA AAV genomes did 
not give rise to significant levels of replication competent plasmids or tiie 
characteristic head-to-tail structure associated with AAV circular intenmediates. 
These findings confirm that circular inteamediates do not likely arise fitmi 
non-specific recombination or ligation events, with eitha: ssDNA or dsDNA 
30 linear AAV genomes in bacteria. Additional control expwiments, demonstrating 
the lack of stuffer hybridizing sequences in AAV circular intermediates by 
Southern blotting, also confirm that these stractures do not arise from 
contamination of viral stocks with pCisAV.GFP3ori plasmid. 
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Jhft fnrmfltinn nf heaH -tn,tfli'1 cireiilar AAV intermediatftS is aUfrniCTted bv 
friip^rinfertinn with Fl-Hftletftd adcnoviniS- 

Many aspects of the wtAAV growth cycle are affected by helper 
adenovirus, including AAV DNA replication, transcription, splicing, translation, 
5 and virion assembly. Such studies have provided concrete evidence that a subs^ 
of Ad early gene products provide helper functions for the wtAAV lytic cycle, 
including: El a, Elb, E2a, E4 0RF6 and VAl RNA (Muzyczka, 1992). In this 
regard, one of the most critical fectors which is required for AAV replication is 
the 34 kD E4 protein (0RF6). Recent observations on the he^er function of Ad 
10 in lAAV transduction have also demonstrated that Ad E4 0RF6 is essential for 
the augmentation of rAAV txansgene expression seen with adenovirus 
cO'infection (Ferrari et al., 1996; Fisher et al., 1996). According to these reports, 
the rate-limiting step enhanced by these adenoviral proteins is the conversion of 
single stranded AAV genomes to double stranded forms. 
15 Studies evaluating the kinetics of rAAV circular intermediate formation 

demonstrated a time-dependent increase in abundance which peaked at 24 hours 
post-infection in Heia cells and coincided with the onset of GFP transgene 
expression (Figure 3). To better understand the cellxilar mechanisms associated 
with AAV circular intermediate formation, the effects of adenoviral co-infection 
20 on fliis process were evaluated. The extent of transgene expression and circular 
intermediate formation in AV.GFPBori infected Hela cells with or wiAout 
co-infection with El -deleted recombinant adenovirus was compared. 

Although El -deleted adenoviruses are severely handicapped in their 
ability to synthesize viral gene products, at high MOIs of >50D0 significant E2a 
25 protein expression was noted (Figure 3 A). As an indicator of transgene 

expression, the abundance and average relative intensity of GFP positive cells 
was determined against mock infected controls by fluorescent microscopy 
(Figure 3B) and FACS analysis (Figure 3C) at 72 hours post-infection. In accord 
wiih previous reports demonstrating augmentation in rAAV transgene expression 
30 by adenovirus (Ferrari et al., 1996; Fisher et al., 1996), the extent of CTP 

transgene expression was dramatically increased at doses of adenovirus which 
led 10 viral gene expression (MOI>5000; Figures 3A-C), Additionally, 
persistence of rAAV transgene expression was also augmented by co-infection 
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with El-deleted adenovinis, as deteraiined by GFP-expressing colony formation 
following serial passages (Figure 3C). 

If circular intennediates represent a molecular form of rAAV important 
for efficient and/or persistent transgene expression, augmentation of rAAV 

5 transgene expression by adenovirus might also modulate circular intennediate 
foimation. In these studies, the abundance and time course of AAV circular 
intennediate formation was evaluated following superinfection with 
Ad.CMVLacZ. Results &om these experiments are shown in Figure 3D, which 
represents the total number of bacterial colonies (per 35 mm plate) obtained 

1 0 following transfonnation ofE. coli with Hirt DNA isolated from Hela cells 
infected with AV.GFP3ori (1000 DNA particles/cell) with or without 
co-infection with Ad.CMVlacZ (5,000 particles/cell). An MOT of 5000 Ad 
particles/cell was chosen for these experiments since this level of adenovirus led 
to minimal cytopathic eflfect (CPE) with high levels of E2a expression. 

1 5 These studies demonstrated a nearly 2-fold augmentation by 

Ad.CMVLacZ in the total abundance of AAV rescued plasmid intermediates in 
£. coli (Figure 3D). Southern blot restriction enzyme analysis demonstrated that 
the predominant forms in both the presrace and absence of adenovirus were 
head-to-tail monomer circular intermediates containing the diagnostic 300 bp 

20 ITR fragment foUowing SphI digestion (Figure 3E). Additionally, results 
demonstrated that adenovirus co-infection led to an earher time of onset and 
increased stability of AAV head-to-tail monomer circular intermediates (Figures 
3E and F). For example, at 6 hours post-infection, head-to-tail circular 
interaiediates were only present in Hela cells co-infected with adenovirus. 

25 Furttieraiore, a decline in the percentage of head-to-tail circular intermediate 
clones was seen at 48-72 hours post-AAV infection in the absence of adenovirus. 
In contrast, this decline was significantly blunted by the presence of helper 
adenovirus (Figure 3F). Based on fliese findings, it was concluded that cCTtain 
adenoviral proteins produced by siq)erinfection with El-deleted adenovirus were 

30 capable of modulatmg circular intermediates formation and stability during 
rAAV transduction. 
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Discussion 

In ttie present study, it was shown that circularization of linear AAV 
genornesocciu:schinngrAAV transduction. Circularization appears to 
predominately occur as head-to-tail monomCT genomes. However, the existence 
5 of less abundant circular muitimer forms suggests that recombinational events 
subsequent to the initial infection may drive concatamerization of circular 
genomes. The diversity m the length of ITR arrays found within circular 
intemiediates (i.e., 1-3 ITRs) also siq)ports the notion that these fomis may be 
highly recombinagenic. Of mechanistic interest in the formation of circular 

10 intennediates is the uniformity of mutations observed in the D-sequences and 
ncaiby p5 promoter region and the confinement of these mutations to the 
5 '-ITRs. Although the etiology of these base pair changes is unknown, their 
uniformity suggests that they may have a direct role in the formation of circular 
intermediates and in increased stability. Recent findings, which suggest that an 

15 endogenous host single strand D-sequence binding protein is important in rAAV 
transduction, lend support to the potential involvement of this sequence in 
circular intermediate formation (Wang et al., 1997; Qing et al., 1998). 
Furthermore, it remains to be determined whether the in vivo formation of AAV 
circular intermediates occurs through the circularization of single or double 

20 stranded AAV genomes. 

By analogy, retroviral transduction intermediates have striking 
similarities to the current findings with AAV. Three DNA forms have been 
isolated following retroviral infection, including linear DNA with long tenxnnal 
repeats (LTRs) at both ends, circular DNA with one LTR, and cbrcular DNA 

25 with multiple LTRs (Panganiban, 1985). Although it is disputed which of these 
forms are the direct precursor to integration, the existence of circular retroviral 
glomes which also have similar repeat regions at the ends of dieir genomes 
suggests the potential for common mechanisms with the formation of AAV 
circular intermediates. These AAV circular intermediates could act as 

30 integration precursors and/or stable episomal genomes. 

The head-to-tail ITR structures found in AAV circular intermediates are 
most characteristic of latent integrated AAV genomes. In contrast, lytic phases 
of AAV growth are typically associated with head-to-head and tail-to-tail 

46 



wo 99/60146 



PCT/US99/11197 



repUcation foim genomes. Hence, it is likely that circular intermediates represent 
a latent aspect of the AAV life cycle. The finding that co-infection with 
adenovirus leads to increased abundance and stability of AAV circular 
intermediates suggests a novel link between adenoviral helpo: functions and 

5 latait infection of AAV. 

Aspects of inverted head-to-tail ITRs, which include palindromic 
hairpins similar in structure to "HoHiday-like" junctions, might impart 
recombinagenic activity which aids in viral integration. Such HolUday junctions 
have been shown to play critical roles in directing homologous recombination in 

1 0 bacteria through the processing of recombination intermediates by RuvABC 
proteins (West, 1997; Lee et al., 1998). Interestingly, a mammalian 
endonuclease, analogous to bacterial RuvC resolvase, has also been isolated 
from cell lines (Hyde et al., 1994). Despite the theoretical considerations which 
might suggest that circular AAV genomes have characteristics of preintegration 

1 5 intermediates, a study with recombinant rettovirus has demonstrated that 
palindromic LTR-LTR junctions of MMLV are not efficient substrates for 
proviial integration (Lobel et al., 1989). Nonetheless, circular AAV genomes 
have been previously proposed as integration intermediate based on proviral 
structure (linden et al., 1996). 

20 F.Tample2 

Pmriiirrinn of rA Shnttlft Vftntnr. 

The m-acting plasmid (pCisAV.GFPSori) used for rAAV production 
was gott««tted by subcloning the Bspl201/Not I fiagmait (743 bp) of the GFP 

25 transgene from pEGFP-1 (Clontech) between the CMV enhancer/piomoter and 
SV40polyA by blunts ligation. A 2.5 kb cassette containing beta-lactamase 
and bacterial replication origjn from pUC19 was blunt ligated down-stream of 
GFP reporter cassette. The ITRelemaits were derived from pSub201 .2 The 
entire plasmid contains a 4.7 kb AAV component flanked by a 2 kb stuffer 

30 sequence. The integrity of ITR sequences was confirmed by restriction analysis 
with Smal and PvuII, and by direct sequencing using a modified di-deoxy 
pnxedure which allowed for complete sequence throu^ both 5' and 3' ITRs. 
Recombinant AAV stocks wwe generated by co-transfection of 
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pCisAV.GFP3ori and pRep/Ci^) together with co-infection of recombinant 
AdCMVlacZ in 293 cells. The rAV.GFPSori virus was subsequently purified 
through 3 rounds of CsCl banding as described in Duan et al.» 1997. The typical 
yields from this viral preparation were 1012 DNA molecules/ml. 

5 DNA titers were determined by viral DNA slot blot hybridization against 

GFP ^^P-labeled probe with copy number plasmid standards. The absence of 
helper adenovirus was confirmed by hlstochemical staining of rAAV infected 
293 cells for beta-galactosidase, and no recombinant adenovirus was found in 
10^^ particles of purified rAAV stocks. The absence of significant wtAAV 

1 0 contamination was confirmed by immunocytochemical staining of rAAV/Ad 
co-infected 293 cells with anti-Rep antibodies. Transfection with pRep/Cap was 
used to confirm the specificity of immunocytochemical staining. No 
immunoreactive Kep staining was observed in 293 cells infected with 10*^ rAAV 
particles. 

15 TsnlflHnn nf A A V Tirciib r Tnfermediates From Muscle. 

The tibialis anterior muscle of 4-5 week old C57BL/6 mice were infected 
with AV.GFP3ori (3 X 10'*^ particles) in Hepes buffered saline (30 nl). GFP 
expression was analyzed by direct immunofluorescence of freshly excised tissues 
and/or in formalin-fixed cryopreserved tissue sections in four independently 

20 injected muscles harvested at 0, 5, 10, 16, 22 and 80 days post-infection. Tissue 
sections were counter-stained with propidiimi iodide to identify nuclear DNA. 
Hirt DNA (Hirt, 1967) (20 ml p«: muscle sample) was isolated fitrai at least 
three independent muscle specimen for each time point and used to transform E. 
coli SURE cells using 3 ml of Hirt with 40 ml of electrocompetent bacterial 

25 (approximately 1 x lO' cfii/ug DNA, Strategene Inc.). The resultant total number 
of bacterial colonies was quantified for each time point and the abundance of 
head-to^tail circular intemediates was evaluated for each time point (> 20 
bacterial clones analyzed) by PstI, Asel, SphI, and Pstl/Asel digestion, and 
confirmed by Southern blot analysis using ITR, GFP and stufifer probes. The 

30 head-to-tail configuration in typical clones were also confirmed by dideoxy 

sequencing using primers ELI 18 (5'-CCKjGGGTCGTTGGGCGGTCA-3'; SEQ 
ID N0:1) and EL230 (5'-GGGCGGAGCCTATGGAAAA-3'; SEQ ID N0:2) 
which are nested to 5' and 3 ' ITR sequences, respectively. Zero hour controls 

48 



wo 99/60146 



PCT/US99/in97 



were generated by mixing 3 x 10**^ particles of AV.GFPSori with control 
uninfected muscle lysates prior to Hirt DNA prqiaration. As described in Table 
1 , a number of additional controls for were performed to rule out non-specific 
recombination of linear AAV genomes in bacteria as a source for isolated 
S circular intermediates. 



Table 1 . Control Experiments for Rescue of Circular Intennediates in Bacteria 



10 


Type of Input 
DNA 


Source of DNA 


Number of 
Molecules 


Number of 

Bacterial 
Colonies 


Presence of 
Head-to-Tail 

Cixcular 
Inteimediates^ 




Purified rAW 


Hirt firom Infected 
Muscle (22 day) 


3 x 10" 


qjpioximately 
5x10" 


Yes 




Purified rAAV 


Virus 
reconstituted into 
Uninfected 
Muscle Hirt' 


4« 4 Alio 

3 X 10'^ 


0 


No 


15 


Linear ssDNA 
Encompassing 
rAAV 
Genome^ 


Isolated firom 
Purified Virus 


3 X 10*' 


2 


No 


20 


Linear dsDN A 
Encompassing 
Entire rAAV 
Genome 


Isolated firom 
proviral plasmid 
(HindlEMPvun)" 


3x10" 


3 


No 


25 


Linear dsDNA 
Encompassing 
Entire rAAV 
Genome 
+ ligase** 


Isolated from 
proviral plasmid 
(Hindm/PvuII) 


3x10" 


>6xl0^ 


Yes 



* Purified virus was iwonstituted into muscle homogenates prior to preparation 
of Hirt DNA. 



30 ^ Viial DNA predommantly contained single stranded genomes as evident by 
Southern blot analysis against with ITR probe. However, small amount of 
dsDNA AAV genomes also existed and are likely due to reanneaiing of single 
stranded genomes during prqjaration. Purified viral DNA concentrations wiere 
detOTnined by ODj^o and 75 ng representing approximately 3 x 10" viral 

35 genomes were used for transformation of bacteria. 

^ Hindin/PvuII digestion was used to remove the entire rAAV genome firom 
pcisAV.GFP3ori. Hindm and PvuH leave 10 and 0 bps of flanking sequence 
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outside the 5' and 3' ITRs, respectively. The linear dsDNA fragment (4.7 kb) 
was gel isolated following blunting with T4 DNA polymerase and the DNA 
concentration determined by ODjco* One hundred and fifty ng of linear fragment 
representing approximately 3 x 10'^ viral genomes were used for transformation 
5 of bacteria. 

^ Linear dsDNA viral genomes (HSndin/PvuII blunted fragm«it) were treated 
with T4 DNA ligase prior to transformation of bacteria. 

10 * The presence of head-to-tail circular AAV intermediates were confirmed by 
restriction enzyme digestion (Asel, PstI, and SphI) and Southern blotting against 
ITR probe. 

Fractionation of musclfi Hirt DNA preparations. 

1 5 Preparative-scale fractionation of the muscle Hirt DNA was performed 

by 1% agarose gel electrophoresis using the Bio-Rad Mini Prep Cell (Catalog 
#170-2908). A 4.5 ml (10.5 cm) tubular gel containing 1 x TBE buffer was 
poured according to manufacturer's specification. A total of 20 ml Hirt 
preparation fix)m one entire muscle sample was loaded on top of the gel. 

20 Electrophoresis was carried out at a constant current of 1 0 mA over a period of 
5 hours. Sample eluent was drawn from the preparative gel apparatus by a 
peristaltic pump at a rate of 100 ml/min and eluted into a fraction collector at 
250 ml/fraction. The collected DNA was subsequently concentrated by standard 
ethanol precipitation and used to transform SURE bacterial cells by 

25 electroporation as described above. 

In vitrn Persistence nf AAV rircular Tntemiediates. 

Transgene expression and persistence of AAV circular intermediate 
plasmid clones were evaluated following transient transfection m Hela and 293 
cells. Subconfiuent monolayers of Hela cells in 24*well dishes were transfected 

30 with 0.5 mg of eitiier AAV circular interoiediates (p8 1 or p87) or pGMVGFP 
using Lipofectamine (Gibco BRL Inc.). The cultures were then incubated for 5 
hours in serum firee DMEM followed by incubation in DMEM siqiplemented 
with 10% fetal bovine serum. All plasmid DNA sanq>les used for transfections 
were spiked with pRSVlacZ (0.5 mg) as an internal control for transfection 

35 efficiency. At 48 hours post-transfection, cells were passaged at a 1 : 10 dilution 
and allowed to grow to confluency (day 5), at which time GFP clones were 
quantified for size and abundance using direct fluorescent microscopy. The 
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percent of beta-galactosidase-expressing cells was also quantified at this time 
point by X-gal staining. At 5 days, cells were passaged an additional time (1:15 
dilution) GFP clones were quantified again at day 10. The persistence of 
plasmid DNA at passage-5, 7, and 10 days post-transfection was evaluated by 

5 Southern blot analysis of total cellular DNA usmg ^^-labeled GFP probes. To 
determine whether the head-to-tail ITR array within circular intermediates was 
responsible for increases in the persistence of GFP expression, the head-to-tail 
ITR DNA element was subcloned into the pGL3 luciferase plasmid to generate 
pGL3(ITR). The head-to-tail ITR DNA element was isolated fix>m a monomer 

1 0 circular intermediate (p8 1 ) by Aatll and Haell double digestion and 

subsequently inserted into the Sail site of pGL3 (Promega) by blunt Ugation. 
The resultant plasmid pGL3(ITR) contains the luciferase reporter and 
head-to-tail ITR element 3' to the polyA site. The integrity of the ITR DNA 
element within this plasmid was confiimed by sequencing. The persistence of 

1 5 transgcne expression from pGL3(ITR) was compared to that of pGL3 by 
luciferase assays on transiently transfected Hela cells as described above and 
analyzed at 10 days 0>assage-2). Transfection eflSciencies were normalized 
using a dual renilla luciferase reporter vector (pRLSV40, Promega). 
RfisuUs 

20 AAV rirciilar Tntfimiftdiate i s K^^*^"^ ^^^^^^ Kpisomal Forms of Viral DNA 
ARRnriatftH with Lpng-tftrm Per gigfftnc^ of TranSf ene ExfiTfrSSion IH Muscle. 

To evaluate fte molecular characteristics of rAAV genomes in muscle, a 
rAAV shuttle viral vector (AV.GFP3ori) was utilized which harbors an 
ampicillin resistance gene, bacterial origin of replication, and GFP reporter gene 

25 (Figure 1 A). This recombinant virus was used to evaluate the presence of 

circular intermediates by bacterial rescue of replication competent plasmids, hi 
these studies, delivery of AV.GFP3ori (3 x 1010 particles) to the tibiahs muscle 
of mice led to GFP transgme expression which peaked at 22 days and remained 
stable for at least 80 days (Figure 4A). These results confirmed previous 

30 successes in rAAV mediated gene transfer to muscle (fCessler et al., 1996; 
Herzog et ai., 1997; Xiao et al., 1996; Clark et al., 1997; Fisher et al., 1997). 
The formation of circular intermediates was evaluated by £. coli transformation 
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of Hirt DNA harvested fix)m muscle at 0, 5, 10, 16, 22, and 80 days 
post-infection with AV.GFP3ori, 

In these muscle samples, circular intemiediates were, found to have a 
characteristic head-to-tail structure with 1-2 HR repeats. The most abundant 

5 form included two inverted ITRs within a cncularized genome (Figure 4B, clone 
pi 7). This figure also dq>icts a less frequent form (< 5%) of circular 
intermediates observed, p439, with undeterawned structure. When this type of 
replication competent plasmid was seen, it was not included in the 
quantification of head-to-tail circular intermediates since its structure could not 

10 be conclusively determined. The total abundance of muscle Hirt derived 
head-to-tail circular intennediates (with 1-2 ITRs) demonstrated a 
time-dependent increase that peaked with transgene expression at 22 days and 
slightly decreased by day 80 (Figure 5A). Increased diversity in the length of 
ITR arrays within circular intermediates was seen at longer time points. For 

1 5 example. Figure 5B demonstrates several isolated circular intermediates with 1 -3 
ITRs isolated firom 80 days muscle Hirt samples. This is in contrast to the more 
uniform structure of circular intennediates with two ITRs in a head-to-tail 
conformation at 5-22 days post-infection. 

To evaluate the potential for arti&ctual rescue of linear rAAV genomes 

20 by recombiiiation in bacteria, several control expCTiments were performed. First, 
uninfected control muscle Hirt prq)arations, spiked with an equal amount of 
rAAV virus used for iti vivo infection of muscles, fiailed to give rise to 
replicating plasmids following transformation of E.colL Second, when a blunted 
Unear double stranded Hindm/PvuII fragment isolated bom pcisAV.GFP3ori 

25 (encompassing the entire rAAV genome) was used to transform bacteria, no 
ampicillin resistant bacterial colonies were obtained The addition of T4 ligase 
to Ms fi^gment, however, led to significant numbers of bacterial colonies. 
Third, when purified single stranded rAAV DNA was used for transformation, 
no bacterial colonies were obtained. As simunarized in Table 1, these results 

30 confirm that in the absence of productive infection, rAAV genomes themselves 
are incapable of recombining into replication competent plasmids in bacteria. 
Hence, in vivo circularization of rAAV genomes is a prerequisite for rescuing 
autonomously rephcating plasmids in E. colt with this shuttie vector. 
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Tn Tnnltimfr ^"^^ "'^^ ♦'""^ 

To further characterize the circular intermediates isolated fiom muscles, 
Hirt samples ftom 22 days and 80 days post-infected muscles were size 

5 fractionated by continuous-flow gel electrophoresis (BioRad). As shown in 
Figure 6 , the majority of circular intermediates at 22 days post-infection size 
fractionated at a molecular weight of less than 3 Kbp. Very few clones were 
isolated from fractions between 3 to 5 kb and no clones were obtained fiom 
fractions larger than 5 kb at this tfane point Furthermore, this size fractionated 

10 molecular weight of in vivo Hirt derived circular intermediates at 22 day time 
points correlated with that of head-to-tail monomra- undigested circular 
intermediate plasmids rescued in bacteria from this same time point 
(approximately 2.5 kb). These data suggest that at early time points 
post-infection in muscle, the predominant form of circular intermediates likely 

1 5 occurs as monomer genomes. The lower mobiUty of this fraction as compared to 
repKcation form monomer (Rfin=4.7 kb) and dimer (Rfd=9.4 kb) genomes 
provides indirect evidence tiiat these forms are not responsible for rescued 
plasmids in these Hirt samples. Interestingly, when 80 day muscle Hirt samples 
were size fractionated, more clones were retrieved from higher molecular weight 

20 fractions ranging from 3-12 kb (Figure 6). This shift in the molecular weight of 
circular mteimediates indicates the potential for recombination betwe«i 
monomer forms in the generation of large circular multimer genomes. Such 
concatamsization has been previously observed m muscle and has traditionally 
beai hypothesized to involve linear integrated forms of flie AAV genome 

25 (Herzog et aL, 1997; Xiao et aL, 1996; Qaik et al., 1997; Fisher et al^ 1997). 
This sheds new light on the molecular diaracteristics of these prasisterit 
AAV genomes and suggests that they are in fact circular and episomal. Based on 
yields of retrievable circular plasmids reconstituted in Hirt DNA, the efficiency 
of bacterial transformation, and the initial innoculum of virus, we estimate that 

30 approximately 1 in 400 viral DNA particles circularize following infection in 
muscle (Table 2). 
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Table 2. Yield of Circular Intermediate Isolation from Hirt DNA 



Bacterial 
Transformation 


Starting Number 
ofPlasmidor 
AAV Genomes 


Actual Number 
of Amp' cfu 


Adjusted Yield 


Hirt DNA fiomr AAV 
Infected Muscle * 


3x 10*^ molecules 


SxlO^cfa 


SxlO'cfu^ 


Hirt DNA + 230 ng 

UcZ Plasmid*^' 


3x10^° molecules 


2xl0*cfu'' 


2x10" cfu 


230 ngLacZPlasmid^ 


3 X 10*^ molecules 


2x10" cfu 





* The actual amount of Hirt used for transformation was 3/20 the entire Hirt 
DNA. The numbers have been adjusted to reflect viral innoculum and yields for 
the entire muscle. 

15 

^ Plasmid DNA was spiked into mock infected muscle homogenates prior to 
isolation of Hirt DNA. This reconstituted Hirt DNA was then used for 
transformation of bacteria. 

20 * The actual microgram amoimts of plasrnid used in reconstitution experiments 
was 10 ng- The numbers have been adjusted for comparison to normalize the 
number of plasmids genomes to that used in AAV experiments. Control LacZ 
plasmid was approximately 7000 bp wifli a molecular wei^t of 4.6 x 10^ 
g/^mole. 

25 

^ The average of several experiments indicates an approximate 100-fold 
reduction in the number of cfii recovered from bacterial transformations with 
DNA isolated from Hirt extract spiked with plasmids as compared to 
transformation with an equivalent amount of plasmid DNA alone. 

30 

* Adjusted yield indicate proximately 1 in 400 AAV genomes circularize in 
vivo. 

Given the fact that not all rAAV particles likely contain functional DNA 
35 molecules and intermediates may integrate, these calculations may represent an 
underestimation. 

A AV rimilflr Tnter m paiatPR ngmnnstrate Tncreasftd Persistence as Plasmid 

Based Vectors. 

40 Based on the finding that circular AAV interaiediates were associated 

with long term persistence of tnmsgene expression in muscle, rAAV circular 
head-to-tail intermediates may be molecular structures of the AAV genome 
associated with the latent life cycle and increased episomal stability. Several 
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aspects of the structure of AAV circular intermediates may account for their 
increased stabiUty in vivo. First, circularization of AAV genomes may create a 
nuclease resistant conformation. Secondly, since the only vual sequences 
contained within circular intermediates are the head-to-tail UR array, these 
5 sequences might bind ceUular fectors enable of stabilizing these structures in 
VIVO. Several studies have demonstrated increased persistence of transgene 
expression with plasmid DNA encoding viral ITRs (Philip et al., 1994; Vieweg 
et al., 1995). The results described above provide a ftmctional explanation for 
the increased persistence through the association with circular inteimediate 
10 fonnation as part of the AAV life cycle. 

To more closely evaluate the persistence of AAV head-to-tail circular 
intermediates, several in vitro experiments were performed by transfecting these 
intermediates into Hela cells and assessing the stabiUty of plasmid DNA and 
transgene expression by GFP clonal expansion. Results from Hela ceU 
15 transfection experiments demonstrated that two monomer head-to-tail circular 
intermediates (p81 andp87) studied gave rise to a 10-fold higher number of five 
and ten day transgene-expressing clones, as compared to a control pCMVGFP 
plasmid lacking the ITR sequences (Figures 7 A and B). Additionally, the size of 
GFP positive colonies at 5 days post-transfection was three-fold larger in Hela 
20 cellstransfectedwilfap81andp87,ascomparwltothepCMVGFPcontrolvector 
(Figures 7A and B). These studies suggest the AAV circular intermediates have 
increased stability of transgene expression and substantiate findings in muscle. 

To confirm &e increased molecular persistence of head-to-taU circular 
intermediates following transfection into Hela cells, total DNA Gow and high 
25 molecular weight) was isolated ftom cultures of pCMVGFP and p81 transfected 
Hela cells at various passages post-transfection and analyzed by Southern 
blotting. Southem blots hybridized to ^-labeled GFP probes demonstrated a 
significanily higher level of p81 plasmid DNA atpas8age-7 as compared to the 
control vector lacking the head-to-tail ITR sequence (Figure 7C). The majority 
30 of signal in undigested DNA samples was associated with a 4.7 kb band 
migrating at the approximate size of the uncut monomer plasmids. Together 
with the fact that the majority of signal from all cell cultures inFigure 7C 
disappeared by passage-10. these data suggest that these plasmids predominantly 
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remained episomal. Thus, in both muscle and Hela cells, increased persistence 
of AAV circular intennediates is correlated with stable transgene expression. 
rni arrays are respo tiQi'hIft fnr innreased persistence. 

To investigate whether the head-to-tail ITR DNA element was 
5 responsible for the increased persistence of circular iiitermediates, we cloned this 
DNA elemcait into a secondary luciferase vector (pGL3) to give rise to 
pGL3(rrR). Transient transfection experiments in Hela cells demonstrated a 
five-fold increase in the persistence of luciferase expression in serially-passaged 
cultures at 10 days in pGL3(rrR) as compared to that of pGL3 transfected 
1 0 (Figure 7D). These findings support the hypothesis that the head-to-tail ITR 
DNA element contained within circular intermediates is responsible for 
mediating the increased persistence of transgene expression and suggest a 
mechanism by which these molecular intermediates may confer stability to AAV 
gOTomes in vivo. Furthermore, increases in the stability of transgene expression 
15 conferred by this element appear to be primarily context independent, since the 
head-to-tail ITR element was 3 ' to the luciferase gene in pGL3(rrR) and 5 ' to 
the GFP transgene in AAV circular intennediates. 
T>iscnsgimi 

Characterization of integrated proviral stmctures in different cell lines 
20 has demonstrated head-to-tail genomes as the predominant structural forms for 
both wild type and recombinant AAV (McLaughlin et al„ 1988; Cheung et al, 
1980; Duan et al., 1997). This is m contrast to the head-to-head and tail-to-tail 
structures observed in AAV replication intomediates (Rfin and Rfd). Both Rfin 
and Rfd configurations have also been demonstrated in rAAV infected cells and 
25 mhanced conversion of ssAAV genomes to double stranded Rfin and Rfd forms 
has been suggested as a mechanism for augmentation of rAAV transduction by 
adenovirus in cell lines (Ferrari et al., 1996; Fisher et al., 1996). However, it is 
plausible that the mechanisms responsible for the formation of Rfin and Rfd 
molecules are different &om pathways which lead to long-tenn transgene 
30 expression. In support ofthis hypothesis is a recent study evaluating 

augmentation of rAAV transgene expression by adenovirus in Kver (Snyda: et 
al., 1997). These studies have demonstrated that co-infection of the liver with 
adenovirus and rAAV enhances short term transgene expression while long term 
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expression was no different than rAAV alone. The exact mechanism for the 
foraiation of head-to-tail circular intermediates is not clear, however similar 
structures have been demonstrated to act as pre-integration intermediates for 
retrovirus (Varmus, 1982). In this regard, diculaiized retroviral genomes with 
5 one and two viral LTTls have been proposed. In addition, circular pre-integration 
intermediates have also been suggested by recent studies on wtAAV integration 
(Lindai et aL, 1996b). The demonstration that circular intemiediates exist in 
rAAV infected muscle explains several features of latait phase mfection with 
rAAV vectors including pioviral structure and stable q)isomal persistence. 
10 Previous studies have suggested that rAAV genomes delivered to muscle 

might persist as head-to-tail concatamers (Herzog et aL, 1997; Clark et aL» 1997; 
Fisher et al., 1997). However, it is currently unknown whether these 
concatamers exist as free episomes or as integrated proviruses in the host 
genome. The results described above, i.e., demonstrating prolonged persistence 
15 of head-to-tail circular intennediates at 80 days post-infection, suggest that a 
large pacentage of rAAV genomes may remain episomal. The conversion of 
monomer circularized genomes to larger circularized multimers appears to be an 
aspect associated with long term posistence and likely represents 
recombinational evaits between monomer mtermediates. Although the bacterial 
20 rescue strategy was not capable of satisfectorily addressing the size of multimars, 
our modified a^jproadi to size fractionating Hirt DNA prior to bacterial rescue of 
intOTnediates lends support to this hypothesis. Additional supportive evidence 
for increased recombination over time is the finding that greater variability in the 
length of ITR arrays was observed at longer time points post-infection. For 
25 example, at 5-22 days the majority ofciicular intermediates contained 2 ITRs in 

a head-to-tail fishion; This is in contrast to 80 day time points \**ere the lengths 
of ITR anays ranges from 1-3 ITRs. Such diversity of ITR arrays in muscle 
infected with AAV has been previously found using PGR approaches (Herzog et 
aL, 1997; Fidier et al., 1997). In addition, the 30% dwline in the abundance of 
30 circular intermediates in muscle between 22 and 80 days also supports a 
hypothesis that these molecular forms of AAV may represent pre-integration 
complexes. 
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Given the feet that circular intamediates had long term persistence in 
muscle, certain structural features of these intermediates may affect episomal 
stability of DNA. Previous studies have noted increased persistence of traiisgene 
expression from plasmids encoding AAV ITRs (Philip et al., 1994; Vieweg et 

5 ah, 1995). However, the physiologic significance of this finding has remained 
elusive. The present study, demonstrating the head-to-tail ITR arrays isolated 
from AAV circular intamediates can confer increased episomal persistence to 
plasmids following transfection in cell lines, gives a mechanistic frameworic for 
HR effects on plasmid persistence. Furthermore, the correlation that AAV 

1 0 circular intermediates have increased persistence in cell lines in vitro^ lends 
support to the hypothesis that these structures represent stable episomal forms 
following rAAV transduction in muscle. Stability of circular intermediates in 
vivo mi^t be mediatwi by the binding of cellular factors to '*Holliday*like" 
junctions in ITR arrays which stabilize or protect DNA from degradation. 

15 rAAV has been shown to be an efficient vector for expressing transgenes 

in various tissues in addition to muscle, such as brain, retina, hver, lung, and 
hanatopoetic ceUs {Snyder et al., 1997; Mu2yc2ka, 1992; Kaplitt et al., 1994; 
Walsh et al., 1994; Halbert et al., 1997; Koeberl et al., 1997; Conrad et al., 1996; 
Bennett et al., 1997; Flannery et al., 1997). Despite these advances in the 
, 20 qiplication of rAAV, the mechanisms of in vivo rAAV-mediated transduction 
and persistence of transgene expression still remain unclear. Such questions as 
to the molecular state of rAAV following in ^nvo delivery is highly relevant to 
the clinical s^iication of this viral vector. For example, should rAAV primarily 
persist as an randomly integrated provirus, the potential for insertional 

25 mutagenesis could present a major theoretical obstacle in the use of this vector 
due to the potential for mutational oncogenesis. The demonstration diat rAAV 
can persist as episomes suggest that random integration and associated risks of 
malignancy may not be a major concern for this viral vector system. 
Additionally, the molecular detmninants of AAV circular intmnediates 

30 associated with increased persistence in cell lines sjpposi to be contained wiAin 
the DNA elements encompassing the inverted ITRs. The isolation of this 
naturally occurring viral DNA element, which forms as part of the AAV life 
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cycle and acts to stabilize circular cpisomal DNA» may prove usefiil in 
increasing the ejBBcacy of both viral and non-viral gene therapy vectors. 

F.Yample 3 

Fvirignoft for Tncrease H Fpignmal Persistftnce of AAV Circular TntCrmediateS 1T1 a 
5 Model for rw ut^rn Plasin iH-Ptflsed Gene Therapy 

Persistrace of AAV circular intermediates wwe assessed by injection of 
plasmid DNA directly into the pronucleus of fertilized JTenopus oocytes. 
Twenty-five ng of the p8 1 isolate of AAV circular intermediates was injected at 
the single cell stage of fertilized -Xe/io/wy oocytes. This plasmid was con^jared 

10 to the proviral plasmid pCisAV.GFP3ori, which contains two ITRs separated by 
staffer sequence in an alternative confinnation to ITRs in p81 . Figure 13 depicts 
the persistence of GFP plasmids as assessed by direct fluorescence of GFP. At 
this state of tadpole development, the fertilized oocyte has expanded from a 
single cell to approximately 10^ cells. 

15 These studies confirm that AAV circular intermediates (p8 1) confer a 

higher level of stability in development Xenopus oocytes than plasmids 
containing similar transcriptional elements and ITR sequences in an alternative 
confinnation. Given that in the case of p81 injected oocytes, tadpoles are 
completely fluorescent, the data suggests that some level of integration may have 

20 occurred. 

Example 4 

T Jpr>5:omft M^HiateH Tr^nsfgr nf Vectors of the Invention to the Aiiwav and 
Mnscle 

Studies evaluating the mechanisms of recombinant adeno-associated 
25 virus (AAV) transduction have identified a novel molecular intennediate 
responsible for episomal persistence. This intennediate is characterized by a 
circularized AAV gOTome witii head-to-tail ITR repeats. Circular intamediates 
of rAAV were identified using a recombinant shuttle vector cqsable of 
propagating circularized viral graomes in bacteria* Pivotal experiments in cell 
30 lines demonstrate that the formation and persistwice of tiiese circular 
intermediates are augmented in the presence of helper adenovirus. These 
findmgs suggest that cellular factors induced by adenoviral gene expression may 
modulate both the formation and/or persistence of AAV circular intermediates. 
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Furthermore, studies in muscle have demonstrated that following rAAV 
infection, the formation and persistence of AAV circular intermediates correlates 
with the onset and maintenance (at 80 days) of transgene expression, 
respectively. Moreover, a 300 bp fragment encompassing the head-to-tail 

5 inverted HR repeats found in AAV circular interaiediates when cloned into 
heterologous expression plasmids can confer mcreased stability to those 
plasmids in HeLa cells. The structural aspects of AAV circular intermediates 
may lead to development of non-viral, plasmid based, graie transfer vectors with 
increased persistence of transgene expression. 

10 To determine whether AAV circular intenmediates which diSec in length 

and/or sequence of the ITR array are more efficacious plasmid based vectors for 
liposome-mediated gene transfer to the airway and muscle, several distinct forms 
of AAV circular intermediates are evaluated as plasmid-based delivery systems 
in three model systems of the airway including: I) in vitro polarized primary 

15 airway epithelial monolayers, 2) mouse lung, and 3) human bronchial 

xenografts. Persistence is evaluated at both the level of transgene expression 
(using GFP and luciferase reporters) and at the level of episomal and integrated 
transgene derived DNA. Studies are performed to assess whether integration can 
be specifically enhanced by co-transfection with Rep DNA or mRNA. These 

20 studies also evaluate both the extent of integration and site specificity to AVS 1 
sites in chromosome 19 of human model systems. 

Gene ther^y using plasmid-based delivery systems have encountered 
several obstacles to efficient transgene expression* These obstacles include 
transient expression of transgmes and rapid degradation of DNA. In contrast, 

25 viruses have developed efiScient mechanisms for transducing cells and 

expressing encoded viral genes. The molecular characteristics of AAV circular 
interaiediates which confer increased persistence of transgene expression include 
a DNA element encompassing the head-to-tail ITR. Based on the findings that 
circular intermediates have increased q)isomal persistence in muscle following 

30 rAAV transduction, these structures may also have mcreased persistence as 
plasmid-based vehicles to the ainvay. Interestingly, several naturally occurring 
mutations which are found in approximately 50% of AAV circular interaiediates 
affect the stability of the intermediate. 
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Several findings evaluating the efficiency of AAV circular intermediate 
foimation firom recombinant viial vectors have suggested that these structures 
are augmented fai abundance by the presence of the E2a adenoviral gene product 
These molecular structures may represent preintegration intermediates which, in 

5 the case of wild-type AAV, would efficiently integrate into the cellular genome 
by Rep facilitated mechanisms. However, in the case of recombinant AAV 
genomes (in the absence of Rep proteins), evidence suggests that these structures 
have increased episomal stability. To test whether exogenous addition of Rep 
and/or E2a can mcrease the eflScacy of AAV circular intermediates by 

1 0 modulating their stability and/or integration, co-transfection methods with Rep 
encoding plasmids and mRNA are conducted. Additionally, exogenously 
supplied E2a DNA binding protein (DBP) may also enhance stability of AAV 
circular intermediates. Rep may increase the integration of circular 
intermediates while E2a may increase their episomal stability. Several 

15 observations including the association of E2a DBP with AAV genomes in the 
nucleus support a direct interaction between DBP and AAV circular 
intermediates. Furthermore, if DBP associates with AAV circular intermediates, 
its encoded nuclear localization sequence (NLS) may enhance nxiclear 
sequestration of these plasmids in the nucleus. Alteraativeiy, E2a may act to 

20 alter the persistence of AAV circular intermediates through the induction of 
cellular factors which interact with the ITR array. 

Liposome mediated gene transfer to the airway has considerable 
advantages due to the low level of toxicity. However, limitations inchide 
transient low level repression in differentiated airway epithelia. Despite this 

25 ai^arent limitation, several laboratories have had considerable success with the 
use of cationic iiposome-mediated gene transfer m several animal models 
including mouse and rat lung, and numwous laboratories have pursued clinical 
trials, which suggested that these vdiicles may show promise for gene ther^y of 
the cystic fibrosis (CF) hmg. Thus, delivery of the present vectors m plasmid 

30 form via liposomes may be a safe and effective vehicle for gene transfer to the 

airway. 

To assess whether AAV circular intermediates may also have increased 
persistence in airway epithelial cells as seen in Hela cells, several distinct forms 
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of circular intermediates delivered by liposome-mediated transfection into 
primary airway epithelial cells, are evaluated. Based on the diversity of ITR 
repeat elements between various isolated circular intermediates (i.e., including 0, 
1, 2, and 3 ITRs), circular intennediates isolated fiom later time points in muscle 

5 may have been naturally selected for increased stability in vivo. Hence, the 
structural consistencies between AAV circular intomediates are identified which 
give increased persistence as plasmid based vectors for gene transfer. 

Circular int^mediates containing Ae GFP reporter gene and 1, 2, and 3 
ITRs are transfected into primary airway cultures and polarized epithelial cell 

1 0 monolayers using the cationic lipid GL-67 (Genzyme Inc.). DNA to l^id ratios 
are optimized using a luciferase reporter. Additionally, the addition of EGTA, or 
the use of calcium-free media, can increase the extent of gene transfer about .10- 
fold, and may be included to enhance gene transfer to polarized epithelial 
monolayers. To evaluate persistence and expression of transgenes from circular 

1 5 intermediates, direct fluorescent microscopy and Southern blotting of both Hirt 
and genomic DNA with GFP P^Mabeled probes are utilized. Probferating 
cultures of primary airway epithelial cells can be passaged up to 4 times during 
this analysis. In contrast, polarized epithelial monolayers are evaluated at 1 
week intervals for DNA persistence for up to 6 weeks. Smce GFP transgene 

20 e)q)ression may be low and difficult to detect by direct fluorescence, GFP is 
quantitated by fluorometer of cell lysates. 

Following AAV transduction, circular intermediates may form within 
cells and certain structures of these intomediates may persist by virtue of 
affinity for cellular factors which bind at ITR arrays. If this is true, then it may 

25 be possible to select for and isolate optimal circular intermediates with increased 
persistence in airway cells by batch screening of circular intermediates pools 
from rAAV infected airway epitfaelia. 

Primary airway epithelia cell cultures are infected with AV. GFP3ori 
(MOIs of 1000 to 10,000 DNA part/cell) and low molecular Hirt DNA is 

30 prepared at 5-15 days post-infection. Hirt DNA containing circular 

intermediates from rAAV infected cells is used to then transfect primary airway 
epithelial cells from which Hirt DNA is prepared at 5-15 days post-transfection. 
This second Hirt isolation is then used to isolate replication competent plasmids 
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following transfonnation into bacteria. This selection process may give rise to 
those populations of circular intermediates with increased episomal persistence 
in airway epithelial ceUs. Selected clones of circular intOTiediateplasmids 
isolated by this procedure are then tested individually for increased persistence 

5 following liposome mediated transfection. These studies are performed in a 
batch type screening in 24 well plates using two serial passages for persistence. 
Once plasmids having increased persistence are isolated, their structure and 
sequence oflTR arrays are characterized. Since screening is performed on 
small-scale cultures, it may be necessary to implemrat semi-quantitative 

1 0 screening for DNA persistence within the first round of transfection using PGR 
methods. Candidate plasmids with a high level of increased persistence as 
compared to control plasmids which lack ITR sequences but contain the identical 
promoter-reporter element, are evaluated on a larger scale transfection amenable 
to analysis by Southem blotting of total DNA, 

15 To evaluate selected circular intermediate structures in vivo, two models 

including mouse lung and the human bronchial xenograft are employed. 10 wk 
BalbC mice are transfected with GL-67/DNA conq)Iexes at a ratio of 25 ng 
plasmid/25 \ig lipid in an iso-osmotic solution of E>extrose. At 1, 5, 10, 15, and 
20 days post-transfection lungs of mice are harvested for immunofluorescent 

20 detection of GFP in formalin fixed sections and for quantitative fluorometry of 
tissue lysates. Southem blots are employed to evaluate the persistence of 
plasmids m Hirt and genomic DNA. In addition to evaluating the persistence of 
selected circular intermediates which have the highest level of persistence with 
in vitro models, luciferase constructs are evaluated in which the ITR array has 

25 been cloned either 5' or 3' to the reporter gene. Furthemiore, the use of 

luciferase reportCTS allows for more sensitive assessment of transgene activity in 
cell lysates. 

Similarly, in vivo persistence of transfected circular intermediates and 
heterologous plasmids containing ITR auays found within circular intemiediates 
30 is evaluated in human bronchial xenografts. 

Findings evaluating the effects of adenoviral co-infection on circular 
mtermediate formation and persistence have suggested that E2a DBF leads to a 
10-fold increase in the abundance of circular intermediates as compared to E2 
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deleted virus. Furthermore, studies with El -deleted virus have demonstrated that 
the persistence of circular intermediates in Hela cells is increased at 72 hours 
post-infection. These studies suggest that E2a DBF may augment circular 
interaiediate formation and/or increase the stability of these structures by an 

5 unknown mechanism. E2a DBF may interact directly with circularized genomes 
and/or induce cellular factors which inta:act with sequences in these AAV 
genomes. Since DBF encodes an NLS, this protein may act to simttle circular 
intemiediates to regions of nucleus that allow for increased stability of these 
stmctuies. NLS sequences have been shown to cooperatively interact with 

1 0 nucleolar targeting sequences and hence we will also evaluate if subnuclear 
targeting is important in maintaining the increased stability of circular 
interaiediates containing ITR arrays. Furthennore, it is currently unknown 
where circular intemiediates fomi in the cell and it remains plausible that they 
may forai in the cytoplasm or nucleus. Hence, if DBF associates directly with 

1 5 circular interaiediates, it may act as an NLS for DNA to alter the nucleus as 
well. 

Several in vitro reconstitution models are used to investigate the 
interaction of circular intermediates with DBF and tiieir affect on in vivo 
persistence following DNA transfection in Hela cells. Furthermore, results 

20 evaluating the affects of various mutant adenoviral vectors on circular 

intermediate and Rfm/Rfd formation have suggested that these two types of 
intermediates occur by independ^t pathways indicative of latent and lytic 
infection, r«pectively. In the setting of wild type AAV, circular intermediates 
may be pre-integration complexes, which in the presence of Rep, efficiently 

25 integrate into the host genome. In contrast, in the absence of Rq>, circular 
intermediates may accumulate episomally in tAAV infected cells. To this end, 
methods of supplementing Rep function may be capable of enhancing integration 
ofplasmid based delivery of AAV circular intermediates. Thus, experiments in 
which co-transfection of circular intermediate plasmids with Rep expression 

30 plasmids or mRNA are conducted. 

To investigate whether DBF can augment the stability of circular 
intermediates by increasing targeting to the nucleus, a Hela cell line (gmDBF6) 
is utilized which encodes an inducible E2a gene xmder a dexamethasone 
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responsible element. This ceil line gives rise to high levels of DBP in nuclear 
extracts by Western blot Mowing treataient with dexaniethas^ gmDBP6 
cells (+A DEX) are transfected with various AAV circular intermediate plasmids 
containing 0, 1, 2, and 3 ITRs and total cellular and nuclear plasmid content 
5 evaluated by subcellular fractionation using Southern blotting against GFP 
probes. The time course of these studies is initially within the range of 12 hours 
to 4 days post-transfection. Transgene ejcpression is evaluated by fluorometry 
(in cell lysates), and fluorescent microscopy (in viable cells), for GFP and 
luminescence for luciferase. Hela cells have demonstrated that immediate 
10 increases in transgene expression from AAV GFP circular intermediates as 
compared to control GFP plaanids occur as early as 24 hours post-transfection. 
Thus, certain cellular factors may facilitate an immediate accumulation of 
circular intermediates in the nucleus. DBP may invoke this increase by either 
direct interactions with ITR sequences or by the induction of cellular factors. To 
15 evaluate the potential for direct interactions between DBP and circular 

intermediates, various form of ITR arrays found within circular intermediates are 
end-labeled with y-ATP^^ and evahiated for binding by electrophoretic mobility 
shift assays to nuclear extracts from gmDBP6 cells (+/- DEX). Supershifts, with 
DBP antibodies and competition experiments with cold ITR sequences and non- 
20 specific DNA, are used as controls for specific binding. 

In a second model systan aimed at evaluating the potential of DBP for 
shuttling and/or sequestering of circular intermediates to the nucleus, 
microinjection experiments in oocytes are performed with 50 ng of plasmid 
DNA of circular intermediates with and without 50 ng of DBP mRNA. 
25 Experiments initially evaluate the time course of GFP transgene expression (+/- 
DBP cRNA) by direct fluorescent microscopy. If nugor differences are seen, 
quaniiiative fluorometry of individual whole oocytes in 96 well plates is 
conducted. Similar studies on nuclear targeting in the presence of DBP can also 
be evaluated in flris model by pooling microinjected oocytes for nuclear isolation 
30 and Southern blot analysis. 

A third experimental model to evahiate nuclear targeting and/or 
accumulation of circular intemiediate vectors in the presence and absence of 
DBP involves the microinjection of fluorescently labeled plasmid DNA into the 
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cytoplasm and real time imaging to follow the nuclear accumulation of DNA. 
The DNA fluorescont dye, TOTO-1, is used to label DNA prior to injection. 
This dye forms an extremely stable complex with negUgible diffusion and re- 
incorporation into nuclear DNA following transfection into polarized airway 

5 qjithelial cell monolayers. Co-localization of DBP with wtAAV DNA gmomes 
at focal hot ^ots within the nucleus supports the observation that nucleolar 
targeting may be important for persistence. These experiments are also 
performed in primary airway epithelial cells and in vivo models of the airway by 
either co-transfection of circular intermediates with DBP expressing plasmids 

10 and/or mRNA. 

The effects of Rep co-transfection on the integration of circular 
intermediate plasmids is also evaluated. Two methods are used to express Rep 
including: 1) co-transfection with Rep expressing plasmids, and 2) co- 
transfection with Rep encoding mRNA. Initially, Hela, CFTl, and IB-3 cells are 

1 5 tested, as transformed cells may be more amenable to expansion and evaluation 
of integration Both CFTl and IB-3 cells represent airway epithelial cells. 
Experiments are performed by cationic liposome (GL-67) mediated transfection 
of circular intermediate DNA with varying doses of a Rqp-containing expression 
vector, e.g., pCMVRep. The extent of integration is also evaluated by two 

20 criteria. Southern blotting of Hirt and genomic DNA and clonal expansion of 
GFP expressing cells. Since Southem blot has an approximate limit of 
sensitivity of 1 mtegrated plasmid molecule per 10 cellular genomes, clonal 
expansion may be necessary to evaluate persistence in less transfectable cells 
such as CFTl and IB-3 cells. Cell lines are evaluated over the course of 1-10 

25 passages. 

Sustained expression of Rep by plasmid mediated co-transfection may be 
toxic to cells, hence co-transfection with Rep mRNA is also evaluated. Cationic 
liposomermRNA mediated transfection has been previously shown to woric in 
cell lines and although the level of expression is much more transient than for - 
30 DNA, in these studies it may be an advantage. Initial studies are performed with 
in vitro transcribed Rep mRNA alone to evaluate the (ig amount of mRNA 
needed for Rep expression as determined by Western blot. Once the threshold 
for detectable Rep expression is established, increasing amounts of Rep noRNA 
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are co-tiansfected with ciicularintennediateDNA. Similar assays are used as 
described above to evaluate the extent of AAV circular intermediate integration. 
If findings suggest that increased integration if facilitated by Rep, the site 
specificity of this integration can be evaluated by cloning GFP expressing ceUs 
5 after the 10th passage by serial dilution. These GFP expressing clones are 
expanded and genomic Southern blots assessed with bofli GFP and AVSl 
specific probes. By evaluating a number of restriction enzymes which either do 
not cut or cut once within flie circular intemiediate plasmid, it will be detennined 
whether integration has oanirred at tiie AVSl loci. 
10 To test whether secondary structure rather than primary sequence is the 

important determinant of increased episomal stability of AAV circular 
intermediates, synthetic DNA sequences are generated with idratical secondary 
sttucture to several ITR anays in circular intermediates. The primary sequence 
is completely altered and bares no resemblance to sequences contained Avithin 
1 5 native AAV ITRs. These synthetic DNA sequences are tested for their ability to 
confer increased episomal stability to heterologous plasmids in several model 
systems including: 1) the airway, 2) muscle, 3) and developing Xenopus 
embryos. The developing Xenopus embryo model is ideal for testing integration 
and persistence of plasmid based vectors for application of in utero gene therapy. 
20 If synthetic DNA sequences with similar secondary strocture to ITRs are found 
to confra- increased pasistence to plasmid based vectors, then determinants for 
protein binding viirich facilitate persistence are independent of primary base 
sequence. These studies allow tiie optiniization of the secondary structural 
requiranents by syntheazing a wide range of DNA molecules with varying 
25 d^rees of palindromic repeats. Furiheimoie, the secondary structure may not 
bind proteins directly but fecilitate recombination of plasmids to large 
concatameis which have increased episomal stabiUty or enhanced integration 
efBciencies. 

F.yample 5 

30 HpiivPty nf M ultiple Cp^^ thmiiffh Tntermolmilar ConcaffimftrizatiQn 

Methods 

Rftrnmhinant AAV vectors. 
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Two rAAV vector stocks were gmerated for use in these studies, 
AV.GFPSori (Example 1) and AV.AIkphos (also known as CWRAPSP, a gift of 
Dusty Miller) (Halbert et al., 1997). Virus stocks were generated by co- 
transfection of 293 cells with either pCisAV.GFPSori or pCWRAPSP along with 

5 pRep/Cap, followed by co-infection with recombinant AdCMVlacZ helper virus 
(Example 2). rAAV was then purified through three rounds of CsCl density 
gradient coitrifugation as previously described by Duan et al. (1997). Purified 
viral firactions were heated at 60**C for 1 hour to inactivate any residual 
contaminating helper adenovirus. The yields for AV,GFP3ori and AV.Allq)hos 

10 were 1 x 10^^ and 7 x 10" particles per ml, respectively, as determined by slot 
blot hybridization with ^^P-labeled GFP or Alkphos probes. Infectious titers 
determined by infection of 293 cells with rAAVs were 1.1 x 10* lU/ml 
(AV.GFP3ori) or 8.6 x 10^ lU/ml (AV.Alkphos). Controls testing for 
contamination of rAAV stocks with wtAAV by anti-Rep immunocytochemical 

1 5 staining in rAAV/Ad.CMVlacZ co-infected 293 cells were negative (limit of 
sensitivity is less than 1 infectious wtAAV particle per 10*^ DNA particles of 
rAAV). Similarly, histochemical staining for P-galactosidase in rAAV infected 
293 cells showed no detectable contamination with helper adenovirus in 10'** 
DNA particles of rAAV (limit of sensitivity). 

20 Tnfection of T nnsrJe tiRsaie and evaluation of transpene expression. 

The C57BL/6 mice used for these experiments were housed in a virus- 
free animal care feciUty and were maintained under strict University of Iowa and 
NIH guidelines, using a protocol approved by the Animal Care and Use 
Committee and facility veterinarians. Four to five week old mice received 

25 bilateral 30 fil injections of a mixture of both AV.GFP3ori and AV.Alkphos into 
the tibialis anterior muscle (5x10* DNA particles of each virus per muscle). 
Controls included uninjected muscles and muscles receiving injections of one of 
the viruses alone. At 14, 35, 80, and 120 days post-infection, animals were 
euthanized and tissues were harvested for evaluation of transgene expression and 

30 prcparaiion of low molecular weight Hirt DNA. For each experimental time 
poinu at least 3 indq>endently injected muscles were evaluated. 

In all experimaits, GFP fluorescence was visualized in fireshly excised 
muscle tissue prior to processing. A portion of the same muscle was fixed with 
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2% parafonnaldehyde in phosphate buffered saline, and cacyoprotected m graded 
sucrose solutions before embedding in optimal cutting temperature medium 
(OCT). Sections (6 |un) were then evaluated for GFP expression directly and 
Alkphos expression following heat inactivation of endogenous Alkphos and 

5 histochemical staining for Alkphos activity (Engelhardt et al., 1995). To confirm 
dual localization of GFP and Alkphos expression in the same muscle fibers, 
eithCT serial sections were evaluated for GFP and Alkphos expression or the 
same section was first photographed for GFP expression followed by 
histochemical staining for Alkphos and re-imagmg of the same field. 

10 Rescue of cirrnlar iTitemi pHiaff^ frnm muscle Hirt DNA. 

Low molecular weight Hirt DNA was prepared from 20 mg specimens of 
injected muscles jfirom 3 animals at each time point (Example 2). Hirt DNA 
(4 1/5 of the total volume) was then used to transform 50 \il of 
electrocompetent SURE cells (Stratagene) using a BioRad E. coli electroporater 

15 and 0. 1 ^m cuvettes. Colonies resulting fi-om each bacterial transformation were 
quantified, and plasmids from 20 colonies ftom each muscle Hirt DNA sample 
were purified for analysis. It should be noted that only circular forms carrying 
the Amp resistance gene and the bacterial origin of replication fix>m AV.GFP3ori 
are rescued by bacterial transformation puan et al., 1998). Control experiments 

20 reconstituting 5 x 10^° viral DNA particles into uninfected muscle extracts prior 
to Hirt DNA preparation failed to give rise to replication competent plasmids in 
the rescue assay (Duan et al., 1998). Additional controls in Duan et al. (1998) 
using AV.GFP3ori vims also demonstrated that linear double stranded and single 
stranded purified viral DNA glomes do not give rise to replication competent 

25 plasmids following transformation into E colL 

rharar>i>riTfltiATi nf p urnHftrf gi>neR tfi rescued Circular interm^liatfiS . 

Several assays were used to characterize the extent of intcrmolecular 
recombination between independent circular viral genomes by evaluating the 
number and type of encoded graes in rescued plasmids from Hirt DNA of 

30 muscles co-infected with AV.GFPBori and AV. Alkphos. Initial analysis 
involved the bulk evaluation of 60 rescued plasmids (20 from each of tiiree 
muscle samples for each time point) by dot blot hybridization of mini-prq) DNA 
with EGFP, Alkphos, and Amp ^-labeled DNA probes. In these studies. Amp 
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hybridization served as a control to show that there was a sufficient quantity of 
DNA for the analysis. The percentages of Alkphos and/or GFP hybridizing 
plasmids were calculated by this method for each muscle sample. From this 
percentage, the total number of plasmids hybridizing to each probe m the Hirt 

5 DNA sample was calculated fiom the total CFU obtained in each transformation. 
In this analysis, each muscle sanq>le was evaluated indepwidently to determine 
the mean (+/-SEM) total Alkphos and/or GFP hybridizing plasmids. A second 
evaluation involved the transfection of rescued plasmids into 293 cells using 
lipofectamine, followed by evaluation of GFP fluorescence and histochemical 

10 staining for Alkphos. To confinn that GFP and Alkphos co-expressing plasmids 
were indeed clonal and that both genes were encoded on the same plasmid, a 
selected group of five co-expressing plasmids were retransformed into Kcoli and 
colonies were re-isolated prior to repeating the transfection studies. In all cases, 
plasmids co-expressing the two reporter genes remained clonal through this 

1 5 subsequent re-isolation. 

S^tnictiiral analysic of r.nTirat aTnf>r rA A V circular intermediates. 

To further characterize the nature of isolated circular intermediates co- 
expressing both GFP and Alkphos transgenes, plasmid structure was mapped by 
Sooithem blotting and restriction enzyme analysis. The structural of five co- 

20 expressing circular intermediate plasmids Avere determined by digestion with 
Ahdl, Hindffl, Notl, Hindlll/NotI, Clal/Asel, and/or SnaBI and Southern 
blotting was performed with ^^P-labeled GFP, Alkphos, and ITR probes. 
Results 

Strategy fnr charac tfiriziTig merhgrnignis of r A A V dntular intermediate 

25 forma|:jpn. 

Efficient circularization of rAAV genomes has been previously 
demonstrated to occur in muscle in a time depradent &shion (Example 2). 
Furthermore, the conversion of monomeric to multimeric circular rAAV 
inteniiediates occurred over time and was associated with long-term q)isomal 

30 persistence of AAV genomes. High molecular weight AAV circular genomes 
migibt form by either of the following two mechanisms, one involving the 
replication of monomer structures and the other through intermolecular 
recombination between independait monomers. A rescue assay was developed 
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10 



using two separate rAAV vectors, AV.QT3ori and AV.Alkphos (Figure 14A), 
which allowed for the identification of independent viral genomes toough 
unique transgenes. In this assay, circular form genomes were rescued in bacteria 
by virtue of Amp/ori sequences encoded in one of the two vectors 
(AV.GFP3ori). A method for characterizing the extent of intermolecular 
recombination between independent circular rAAV genomes was shown in 
Figure 14B. 

r^^rs^nn ir ^Tw^^^^ti y e^ncM^ r A A V tHmsPfflif ' in mmdft mvnfihers. 

To con&m that myofibers can be co-infected at a higji efSdency with 
the two rAAV vectors, the tibiahs anterior muscle of mice was co-infected with 
5x10' DNA particles of both AV.GFP3ori and AV-ADcphos. At 14, 35. 80, and 
120 days post-infection, muscles were harvested and analyzed for transgene 
expression. Transgene expression fiom both reporters was weak but clearly 
visible in 14 day muscle samples. By 80 days post-hifection, transgene 
15 expression was maximal and serial sections demonstrated cxpresam of both 
Alkphos and GFP transgenes in overlapping regions of the muscle (Figures 15A- 
C). At this thne point, approximately 50% of the fibers in the tibialis muscle 
cxpKS&ed both transgenes. To confirm that co-infection of myofibers occurred 
with the two independent vectors, co-localization studies were performed on 
20 muscle sections by a serial staining procedure. These studies, depicted in Figure 
15D, demonstrate four classes of myofiber transgene expression: 1) GFP positive 
only, 2) Attphos positive only, 3) GFP/Alkphos positive, and 4) no transgene 
expression. Ihe largest fraction of myofibers expressed both GFP and Alkphos 
transgenes. These results confirm that at the titers of virus used for infection, co- 
25 mfection occurred m greater than 90% of transgene expressmg myofibers. 
l>P^r„,, lT i -fin,rrir^i^i rA AV nrnilar in teTTTirriim incre a sri overtime . 

To detennine the extent of recombination between circular AAV 
genomes, circular form genomes were rescued as plasmids ftom low molecular 
weight Hirt DNA of muscle tissue co-infected with AV.GFP3ori and 
30 AV.Alkphos. FoUowing transformation of Kcoli Sure cells with Hirt DNA 
purified from infected muscles, the total number of GFP and Alkphos 
hybridizing Amp resistant bacterial plasmids was quantitated for each time pomt 
post-infection (Figure 16A and B) (Duan et al., 1995). the abundance of circular 
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AAV genomes rescued from AV.GFP3ori increased over time. For each muscle 
sample (three for each time point) twenty plasmid clones were evaluated for 
hybridization to GFP and Alkphos DNA probes and the total number of plasmids 
was back calculated tcom the total CFU for each individual muscle sample. 

5 Figure 16B demonstrates the mean (+/-SEM, N=3) total plasmids tiiat hybridized 
to GFP or GFP/Alkphos piobes at each time point. At 14 days post-infection, 
GFP/Alkphos co-hybridizing plasmids were never observed. In contrast, at time 
points after 35 days the percentage of GFP/Alkphos co-hybridizmg plasmids 
mcreased with time and reached 33% by 120 days (Figure 16C). Since bacterial 

1 0 plasmid rescue can only occur through AV.GFP3ori genomes, this data suggests 
that recombination between independent Alkphos and GFP rAAV genomes takes 
place over time. These results are consistent with studies described hercinahove 
demonstrating a time dependent concatamerization of monomer circular rAAV 
genomes in muscle. 

15 To evaluate the ability of circular intermediates to express encoded 

transgenes, transient transfection studies were performed in 293 cells with 
rescued circular intermediate plasmids (Figures 17A-C), Between 85-90% of 
rescued plasmids hybridizing to GFP probes on slot blots also expressed the GFP 
transgene in this transfection assay (Figure 17D). The percentage of GFP 

20 expressing plasmids that also expressed Alkphos rose over time in concordance 
with the hybridization data (Figure 17D). However, ^proximately 40-50% of 
plasmids which were hybricfization positive for Allq)hos did not express the 
Alkphos transgene. This may represent recombinational deletion of the RSV 
promoter driving Alkphos repression which occurred during concatamerization 

25 at sites near the 5* ITIL These results demonstrate that intcrmolecular 

recombination between Alkphos and GFP derived circular intennediates occurs 
as part of the time dependent concatamerization process of rAAV in muscle. To 
confirm that amplified plasmids stocks expressing both reporter genes were 
actually clonal (i.e., one plasmid rather than two independent plasmids resulting 

30 from contamination), a select number of bacterial clones expressing both 
transgenes were re-isolated and the transfection assays were repeated. In all 
cases, plasmids expressing the two reporter genes remained clonal through two 
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rounds of bacterial cloning. Hence, dual reporter expression was not due to 
contamination of indeprndent GFP and AUq)hos expressing plasmids. 

mt^TTt.nipr,iii^r r^^mhinatinn hfttwRfln TTRs of indmfindmt viral pCTomes. 

5 To better understand the mechanisms of circular concatamer fonnation, a 

d^led structuial analysis was performed of five bi-fimctional circular 
ooncatamers isolated from rAAV infected muscle sanq)les. As previously 
described for the AV.GFP3ori genome (Example 2). the conversion of 
monomeric circular AAV genomes to large multimeric circular concatamers with 

10 a predomiiiant head-to-tail structure increased with time in muscle. To evaluate 
the structure of bi-fimctional circular concatamers, restriction enzyme m^ing 
and Southern blot analysis using ^^P-labeled EGFP, Alkphos, and ITR probes 
was employed. Results from five analyzed plasmids demonstrated between 3-6 
genomes within these circular concatamers. Two representative structures firom 

15 35 and 80 day time points are shown in Figure 1 8, Several interesting 

conclusions can be made from this structural analysis. As described , head-to- 
tail oriented genomes could be seen in all isolated concatamers. However, 
several examples of head-to-head and tail-to-tail genome combinations of 
AV.Alkphos and AV.GFPSori were also seen. Since head-to-head and tail-to- 

20 tail genome concatamers were never seen in muscles infected with AV.GFP3ori 
alone, there must be a selective disadvantage for bactorial replication when on 
sequences are in either of these conformations. However, since the AV,Alkphos 
gmomes do not contain a bacterial origin of replication, this orientation is 
pennitted in chimeric concatamers. Second, noticeable deletions and/or loss of 

25 restriction sites close to ITRs were noted (Figure 17). It is not known whether 
deletions close to the ITR are a common event in the concatamerization process, 
but if so, this could account for tiie fact that only 60% of GFP/Allqjhos 
hybridizing cfrcular intermediates also expressed the Allq)hos transgene. 
Discussion 

30 Concatamerization of rAAV genomes has long bera recognized in 

integrated proviral gaiomes. Recently, the association of this concatamerization 
process with the fomiation of high molecular circular genomes in muscle has 
suggested that this process may also be important in q)isomal persistence. The 
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findings described herein demonstrated rescue of independent viral genomes 
wittiin the same circular concatamer, suggesting that this process of 
concatamerization occurs throu^ intOTnolecular recombination. Furthermore, 
at 14 day s the predominant form of viral genome in muscle was circular 
5 monoihers (Example 2), which correlates with the results described above 

demonstrating only GFP expression in rescued circular intennediates at this time 
pomt. Together with the feet that bi-functioiial rescued circular concata^ 
increase with time, these results suggest that large concatamers form by 
recombination of monomeric circular precursor genomes. Furthermore, since an 
10 alternative model of concatamerization by rolling circular replication would be 
expected to yield only GFP expressing rescued plasmids in this system, this 
mechanism does not appear responsible for concatamerization. 

Based on the structural analysis of these bi-fenctional circular 
intennediates, recombination between monomeric circular rAAV genomes is 
15 likely facilitated through ITR sequences. Directionality of this recombinational 
event does not appear to play a significant role, since head-to-tail, head-to-head, 
and tail-to-tail oriented intermolecular concatamers were found. In addition, the 
extent to which recombination within ITR repeat regions occurs in bacteria is 
presently unknown and may account for the deletions and/or restriction site 
20 losses near ITR arrays. However, serial passaging of bi-fimctional circular AAV 
genomes in bacteria has suggested that the structure of these large concatamers is 
impressively stable in bacteria. 

Intermolecular recombination of rAAV genomes to form single circular 
episomes may be particularly useful for gene therapy. For example, large 
25 regulatory elements and genes beyond the packaging cq)acity of rAAV may 
become linked after co-infecting tissue with two independent vectors 
(Figure 19). This strategy could also involve trans-splicing vectors encoding two 
indq)endent regions of a gene which are brought together to form an intact 
splicing unit by circular concatamerization. 
30 For example, two independent vectors encoding two halves of the CFTR 

gene flanked by donor and acceptor sphce site sequences are prepared^ 
Expression of functional CFTR protein results after splicing of RNA transcribed 
firom a concatamerized genome comprising both halves of the gene in the sense 
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oriaitaticm. One rAAV vector may comprise the first 3.3 kb of the CTTR gene 
under the control of the RSV promoter and an in-frame spUce donor site at the 3' 
end of the CFTR cDNA. The second rAAV vector encodes a splice acceptor 
intronic sequence, the 3' 1.4 kb of the CFTR gene, and SV40 poly-adenylation 

5 sequences. To test for effidait slicing, a chimeric vector 6)cDNA3.1CFTR- 
Donor/Accqjtor) is introduced to Xenopus oocytes by nuclear injection of the 
vector, followed by two electrode voltage (TEV) clamp recording fiinctional 
analysis of CFTR (Jiang et al., 1998). mRNA transcripts are also analyzed for 
correct splicing following transfection of pcDNA3.1CFTR-Donor/Acceptor into 

10 MDCK cells. Polarized airway epithelial cells grown at the air-liquid intafece 
are co-infected with the donor and acceptor CFUR AAV vectors CFTR gene 
expression in these cells is then monitored by both immunofluorescent 
localization and functional analysis of short circuit currents (Smith et al., 1992; 
Smith et al., 1990). Hirt analyses of episomal AAV species are used to correlate 

15 the efficacy and persistence of CFTR gene expression with &e formation of 
AAV circular intermediates. 
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WHAT IS CLAIMED IS: 

1 . An isolated and purified DNA molecule comprising at least one DNA 
segment, a biologically active subunit or variant thereof, of a circular 
intermediate of adeno-associated vims, which DNA segment confers increased 
episomal stability, persistence or abundance of the isolated DNA molecule in a 
host cell. 

2. The DNA molecule of claim 1 in which the DNA segmmt comprises at 
least a portion of a 5' inverted terminal repeat of adeno-associated vims. 

3 . The DNA molecule of claim 1 in which tiie DNA segment comprises at 
least a portion of a 3 '-inverted tenninal repeat of adeno-associated virus. 

4. The DNA molecule of claim 1 which fiutiier comprises a marker or 
selectable gene. 

5. A plasmdd comprising the DNA molecule of claim 1 . 

6. A gene transfer vector, comprising: 

a) at least one first DNA segment, a biologically active subunit or 
variant thereof, of a circular intermediate of adeno-associated virus, which DNA 
segment confers increased episomal stability or integration of the vector in a host 
cell; and 

b) a second DNA segment comprising a gene. 

7. The vector of claim 6 in which the first DNA segment comprises at least 
about 550 bp of adeno-associated virus sequence. 

8. The vector of claim 6 in which the first DNA segment comprises at least 
about 400 bp of adeno-associated virus sequence. 



9. A therapeutic gene transfer vector, comprising: 
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a) at least one first DNA segment, a biologically active subunit or 
variant thereof^ of a circular intennediate of adeno-associated vims, which DNA 
segment confers increased episomal stability or integration of the vector in a host 
cell; and 

b) a second DNA segment comprising a gene encoding a 
therapeutically effective polypeptide. 

10. A method of delivering a gene to a cell comprising: contacting the cell 
with the vector of claim 6 or 9. 

11. A composition for delivering a gene to a cell, comprising: the vector of 
claim 6 or 9 and a delivery vehicle. 

12. The composition of claim 1 1 wherein the delivery vehicle is a 
pharmaceutically acceptable carrier. 

1 3. The composition of claim 1 1 wherein the delivery vehicle is a liposome. 

14. The DNA molecule of claim 1 which comprises concatamers of the 
circular intermediate. 

15. The DNA molecule of claim 1 in which the stability, persistence or 
abundance of the DNA in cells is enhanced by a DNA binding protein. 

16. The DNA molecule of claim 15 wherein the DNA binding protein is 
adenovims E2a. 

1 7. A host cell comprising the vector of claim 6 or 9. 

18. A host cell comprising the DNA molecule of claim 1 . 

1 9. An animal comprising the vector of claim 6 or 9. 
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20. The animai of claim 19 which is not a human. 

21. A method of expressing a gene product in the muscle tissue of an animai, 
which comprises: administering the vector of claim 6 or 9 to the muscle tissue of 
said animal in an amount effective to express the gene. 

22. The method of claim 21 wherem the vector is administ^ed dissolved or 
suspended in a liquid pharmaceutically accq)table carrier. 

23. The method of claim 22 wherein said liquid carrier comprises an aqueous 
solution. 

24. The method of claim 21 wherein said gene comprises a DNA segment 
encoding a protein op^rably linked to a promoter operable in said muscle tissue. 

25. The method of claim 21 wherein said administering is by intramuscular 
injection. 

26. The method of claim 21 wherein said administering is by transderaxal 
transport. 

27. The method of claim 21 wherein said animal is a bird or mammal. 

28. The method of claim 1 wherein said animal is a himian. 

29. A method of expressing a gene in a eukaryotic cell, comprising: 

a) transfecting a eukaryotic host cell susceptible to adenovirus 
infection with flie vector of claim 6 or 9 and a recombinant adenovirus helper 
vector so as to form packaged viral particles; and 

b) infecting a eukaryotic host cell with the vhral particles in an 
amount effective to detect expression of the gene. 



30. A composition comprising: 
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a) a first adeno-associated vims vector comprising linked: 

i) a first DNA segment comprising a 5 '-inverted tenninal 
repeat of adeno-associated virus; 

ii) a second DNA segment comprising at least a portion of an 
open reading firame operably linked to a promoter, 
wherein the DNA segment does not comprise the entire 
open reading frame; 

iii) a third DNA segment comprising a splice donor site; and 

iv) a fourth DNA segment conq)rising a 3 '-inverted terminal 
repeat of adeno-associated virus; and 

b) a second adeno-associated vims vector comprising linked: 

i) a first DNA segment comprising a 5'-inverted teraiinal 
repeat of adeno-associated vims; 

ii) a second DNA segment comprising a splice acceptor site; 

iii) a third DNA segment comprising at least a portion of an 
open reading fi^e which together with the DNA segmrat 
of (a)(ii) encodes a full-length polypeptide; and 

iv) a fourth DNA segment comprising a 3 '-inverted terminal 
repeat of adeno-associated vims. 

3 1 . The composition of claim 30 further comprising a delivery vehicle. 

32. A method to transfer and express a polypeptide in a host cell comprising 
contacting the host cell with the composition of claim 30. 

33. A method to transfer and eTcpress a polypeptide in a host cell comprising 
contacting the host cell with a first admo-associated vims vector comprising 
linked: 

i) a first DNA segment conq)rising a 5 '-inverted terminal repeat of 
adeno-associated virus; 

ii) a second DNA segment comprising at least a portion of an open 
reading frame operably linked to a promoter, wherein the DNA 
segment does not comprise the entire open reading firame; 
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ui) a third DNA segment comprising a splice donor site; and 

iv) a fourth DNA segment comprising a 3'-invertedtenninal repeat 

of adeno-associated virus. 

34. The method of claim 33 wherein the host cell is further contacted with a 
second admo-associated virus vector conqjiising linked: 

i) a first DNA segmrat comprising a 5'-inverted terminal repeat of 

adoio-associated virus; 

ii) a second DNA segment con^jrising a splice acceptor site; 

iii) a third DNA segment conq)rismg at least a portion of an 
q»en reading frame which together wifli the DNA segment 
of (a){ii) encodes a fiill-loigth polypeptide; and 

iv) a fourfli DNA segment comprising a 3'-inverted terminal repeat 

of adeno-associated vims. 

35. The method of claim 32 or 33 wherein the host cell is a lung epithetial 
cell, a muscle cell or a neuron. 

36. The method of claim 32 or 34 wherein the polypeptide is the CFTR 
polypeptide. 

37. A method of expressing a gene product in the muscle tissue of an animal, 
comprising contacting the muscle tissue with the composition of claim 30 in an 
amount effective to express the polypeptide. 

38. A method of expressing a gene product in the airway epithelia of an 
animal, comprising contacting the airway epiAelia with the composition of claim 
30 in an amount effective to express the polypeptide. 

39. A method of expressing a gene product in the neurons of an animal, 
comprising contacting the neurons with the composition of claim 30 in an 
amount effective to express the polypeptide. 
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40. The use of the vector of claim 6 or 9 for the manufacture of a 
medicament for the treatment of a pathological condition or symptom in a 
mammal. 

41 . The use of the composition of claim 30 for the manufecture of a 
medicament for the treatment of a pathological condition or symptom in a 
mammal. 
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10 20 30 40 50 60 

CCAIGCAAGC TGTAGATAAG TAGCATGGCG GGTTAATCAT TAACTACAAG GAACCCCTAG 
CfimaSTTCG ACAOXrPATTC ATCGTACCGC CCAATTAGTA ATTGATGTTC CTTGGGGAIC 

70 BQ 90 100 110 120 

TGATGCAGTT GGCCACTCCC TCTCTGCGCG CTCGCTCGCT CACTCAGGCC GGGCGGCCAA 
ACTACCTCAA CCGGTGAGGG AGAGACGCGC GAGCGAGCGA GTGACTCCGG CXrCGCCGGTT 



130 140 150 

AGGTCX;OOCG ACGCCCGGGC TTTGCCCGGG 
TCCAGCGGGC TGCX^GGCXXG AAACGGGCXC 



160 170 180 

CGGCCTCAGT GAGCGAGCGA GCGCGCAGAG 
GCCGGAGTCA CTCGCTCGCT CGCGCGTCTC 



190 200 2i0 220 230 240 

AGGGAGTGGC CAACTCCATC ACTAGGGGOT CCTTGTAGTT AATGATTAAC CCGCCATCCT 
TOOCXCAOCG GTTGAGGTAG TGATCCCCAA GGAACATCAA TTACTAATT6 GGOGGTACGA 

2S0 260 270 280 

ACTTAIXCXAC CGATGAATTC GAGCTTISC&X G£ 

TCAATAGATG GCTACTTAAG CTCGAACQXA C£ 
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fiCfiXSOUkGC TGTAGATAAG TAGCATGGCG 

CQiacerTOG acatctattc atcgtaccgc 

70 80 90 

TGAXGGAGTT GGOCACTOCC TCTCTGOGCG 
ACTACdCAA CCGGTGAGGG AGAGACGCGC 



40 SO 60 

GGTTAATCAT TAACTACAAG GAACCCCTAG 
CCAATTAGTA ATTGATGTTC CTTGGGGATC 

100 110 120 

CTCGCTCGCT CACTGAGGCC GGGCGCGOGC 
GAGCGAGCGA GTGACTCCGG COCGCGOGOG 



130 140 ISO 160 170 180 

TOGCTOGCTC ACTGAGGCCG GGCGACCAAA GGTCGCCCGA GCCCGGGCTT TGCCCGGGOG 
AG0GAGC6AG TGACTCCGGC COGCTGGTTT CCAGCGGGCT GGGGCOCGAA ACGGGCCOGC 

190 200 210 220 230 240 

GCCTCAGTGA GCGAGCGCGC GCGCAGAGAG GGAGTGGCCA ACTCCATCAC TAGGGGTTCC 
OGGAGTCACT CGCTCGCGCG CGCGTCTCTC CCTCACOGGT TGAGGTAGTG ATCCCCAAGG 

250 260 270 280 290 300 

TTGTAGTTAA TGATTAACCC GCCATGCTAC TTATCTACCG ATGAATTCGA GCTTGSfiJDSC 
AACASCAATT ACTAATTGGG CGGTACGATG AATAGATGGC OSACTZAAGCT GGAACfiZACS 
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10 20 30 40 50 60 

GCMfiCAAGC TGTAGAT2AG TAGGATCGCG GGTTAATCAT TAACTACAAG GAACCCCTAG 
rOTACCr rrCG ACATCTATTC ATCGTACCGC CCAATTAGTA ACTGATGCTC CTTGGGGAOX: 

70 80 90 100 110 120 

TGATGGAGTT GGCCACTCCC TCTCTGOGCG COXXSCTCGCT CACTGAGGCC GGGCGACCAA 
ACTACCTCAA CCGGTGAGGG AGAGACGCGC GAGOGAGCGA GTGACTCCGG CCCGCTGGTT 

130 140 150 160 170 180 

AGGTCGCCXX; ACGCCCGGGC TTTGC^rCGCC OGGCCTCAGT GAGCGAGCGA GCGCGCAGAG 
TCCAGCGGGC TGCGGGCCCG AAAOCAGOGG GCCGGAGTCA CTCGCTCGCT CGCGCGTCTC 

190 200 210 220 230 240 

AGGGAGTGGC CAACTCCATC ACTAGGGGTT CCTTGTAGOT AATCATCAAC CCGGCAITGCT 
TOCCTCAOCG GTT6AGGTAG TCATCCCCAA GGAACATCAA TaCACTARaJTC GGOGGTIACGA 

250 260 270 280 

ACTXATCTAC CGATCAATOX: GAGCTTQCAX 

TGA2V!!AGA!CG GCTACTIAAG CTC6AACSZ& CS 
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10 20 30 40 50 

PBI 1 ecaaSCAAGC TCTAGATAAG TAGCATGGCG GGCTAA.TCAT TAACTACAAG 50 

p79 1 qCATGCA AGC TGTAGATAAG TAGCATC3GCG GCTTAATCAT TAACTACAAG 50 

pX202 I GCATGCA AGC TCTAGATAAG TAGCATGGCXS GGTTAATCAT TAACTACAAG 50 

60 70 80 90 100 

P8l 51 GAACCCCTAG TGATOGASTT GGCCACTCCC TCTCTGOGCG CTOGCTOGCT 100 

p79 51 GAACCCCTIAG •KMX3GAGTT GGCCACTCCC TCTCTGOGCG CTCGCICGCT 100 
pl202 51 GAACCCCTAG TGAiGGAGTT GGCCACTCCC TCTCOXsCGCG CTCGCTCGCT 100 

110 120 130 140 150 

P81 101 CACTGAGGCC GGGCG GCCMAG 150 

p79 101 CACTGAGGCC GGGCGOGCGC TCGCTCGCTC ACT6AGGCCG GGCGaCcAAa 150 
pl202 101 CACTGAGGCC GGGCG ACCAAAC 150 

160 170 180 190 200 

PBl 151 GTCGCCCGAC GCCCGGGCTT TGCCCGGGCG GCCTCAGTGA GCGAGCGAGC 200 
p79 151 GgtcgOCcga GCCCGGGCTT TGCCCGGGCG GCCTCAGTGA GCGAGCGcGC 200 
pl202 151 GTCGCCCGAC GCCCGGGCTT TGgtCGcqCG GCCTCAGTGA GCGAGCGAGC 200 

210 220 230 240 250 

PBl 201 GC6CAGAGAG GGAGTGGOCA ACTCCATCAC TAGGGGTTCC TTGTAQTTAA 250 
p79 201 GCGCAGAGAG GGAGTGGCCA ACTCCATCAC TAGGGGTTCC TTGTAGTTAA 250 
pl202 201 GCGCAGAGAG GGAGTGGOCA ACTCCATCAC TAGGGGTTCC TTGTAGTTAA 250 

260 270 280 290 300 

P81 251 TGATTAACCC GCCAIGCTAC TTATCTACCG ATGAATTCGA GCTTfiCftTGC 300 
p79 251 TGATTAACCC GCCATGCTAC TTATCTACCG AJEGAATTCGA GCTTfiCATGC 300 
pl202 251 TGATTAACCC GGCATGCTAC TTATCTACCG ATGAATTCGA GCTTGCAEQC 300 
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SKQUBNCE LISTIHG 
<110> University of Iowa Research Foundation et. 

5 

<120> Adeno-associated virus vectors and uses 
thereof 

<130> B75.007W01 

10 

<150> US 09/276,625 

<151> 1999-03-25 

<150> US 60/086,166 
15 <151> 1998-05-20 

<160> 7 

<170> FastSEQ for Windows Version 3.0 

20 

<210> 1 
<211> 20 
<212> DNA 

<213> Adeno-associated virus 

25 

<400> 1 

cgggggtcgt tgggcggtca 

<210> 2 
30 <211> 19 

<212> DNA 

<213> Adeno-associated virus 

<400> 2 
35 gggcggagcc tatggaaaa 

<210> 3 
<211> 505 
<212> DNA 
40 <213> Artificial Sequence 
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<220> 

<223> A consensus sequence of inverted terminal repeats 
<400> 3 

5 cgggggtcgt tgggcggtca gccaggcggg ccatttaccg taagttatgt aacgactgca 
ggcatgcaag ctcgaattca tcggtagata agtagcatgg cgggttaatc attaactaca 
aggaacccct agtgatggag ttggccactc cctctctgcg cgctcgctcg ctcgctgagg 
ccgggcgacc aaaggtcgcc cgacgcccgg gctttgcccg ggcggcctca gtgagcgagc 
gagcgcgcag ctgcgcgctc gctcgctcac tgaggccgcc cgggcaaagc ccgggcgtcg 

10 ggcgaccttt ggtcgcccgg cctcagcgag cgagcgagcg cgcagagagg gagtggccaa 
ctccatcact aggggttcct tgtagttaat gattaacccg ccatgctact tatctacagc 
ttgcatgcat gtgagcaaaa ggccagcaaa aggccaggaa ccgtaaaaag gccgcgttgc 
tggcgttttt ccataggctc cgccc 

15 <210> 4 

<211> 272 
<212> DNA 

<213> Adeno-associated virus circular intermediate, clone p81 
20 <400> 4 

gcatgcaagc tgtagataag tagcatggcg ggttaatcat taactacaag gaacccctag 
tgatggagtt ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gggcggccaa 
aggtcgcccg acgcccgggc tttgcccggg cggcctcagt gagcgagcga gcgcgcagag 
agggagtggc caactccatc actaggggtt ccttgtagtt aatgattaac ccgccatgct 
25 acttatctac cgatgaattc gagcttgcat gc 

<210> 5 
<2ll> 300 

<212> DNA 

30 <213> Adeno-associated virus circular intermediate, clone pBl 

<400> 5 

gcatgcaagc tgtagataag tagcatggcg ggttaatcat taactacaag gaacccctag 
tgatggagtt ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gggcgcgcgc 
35 tcgctcgctc actgaggccg ggcgaccaaa ggtcgcccga gcccgggctt tgcccgggcg 
gcctcagtga gcgagcgcgc gcgcagagag ggagtggcca actccatcac taggggttcc 
ttgtagttaa tgattaaccc gccatgctac ttatctaccg atgaattcga gcttgcatgc 



60 
120 
180 
240 
300 
360 
420 
480 
505 



60 
120 
180 
240 
272 



60 
120 
180 
240 
300 



<210> 6 
40 <211> 272 



wo 99/60146 



PCT/US99/11197 



<212> DNA 

<213> Adeno-associated virus circular intermediate, clone p81 
<400> 6 

5 gcatgcaagc tgtagataag tagcatggcg ggttaatcat taactacaag gaacccctag 
tgatggagtt ggccactccc tctctgcgcg ctcgctcgct cactgaggcc gggcgaccaa 
aggtcgcccg acgcccgggc tttggtcgcc cggcctcagt gagcgagcga gcgcgcagag 
agggagtggc caactccatc actaggggtt ccttgtagtt aatgattaac ccgccatgct 
acttatctac cgatgaattc gagcttgcat gc 

10 

<210> 7 
<211> 165 
<212> DNA 
<213> Unknown 



15 



<220> 

<223> SEQ ID NO:l of U.S. Patent No. 5,478,745 



<400> 7 

20 aggaacccct agtgatggag ttggccactc cctctctgcg cgctcgctcg ctcactgagg 
ccgggcgacc aaaggtcgcc cgacgcccgg gctttgcccg ggcggcctca gtgagcgagc 
gagcgcgcag agagggagtg gccaactcca tcactagggg ttcct 
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